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Chagas disease cardiomyopathy (CCC) is an inflammatory dilated cardiomyopathy
occurring in 30% of the 6 million infected with the protozoan Trypanosoma cruzi in
Latin America. Survival is significantly lower in CCC than ischemic (IC) and idiopathic
dilated cardiomyopathy (DCM). Previous studies disclosed a selective decrease in
mitochondrial ATP synthase alpha expression and creatine kinase activity in CCC
myocardium as compared to IDC and IC, as well as decreased in vivo myocardial ATP
production. Aiming to identify additional constraints in energy metabolism specific to
CCC, we performed a proteomic study in myocardial tissue samples from CCC, IC and
DCM obtained at transplantation, in comparison with control myocardial tissue samples
from organ donors. Left ventricle free wall myocardial samples were subject to two-
dimensional electrophoresis with fluorescent labeling (2D-DIGE) and protein identification
by mass spectrometry. We found altered expression of proteins related to mitochondrial
energy metabolism, cardiac remodeling, and oxidative stress in the 3 patient groups.
Pathways analysis of proteins differentially expressed in CCC disclosed mitochondrial
dysfunction, fatty acid metabolism and transmembrane potential of mitochondria. CCC
patients’ myocardium displayed reduced expression of 22 mitochondrial proteins
belonging to energy metabolism pathways, as compared to 17 in DCM and 3 in IC.
Significantly, 6 beta-oxidation enzymes were reduced in CCC, while only 2 of them were
down-regulated in DCM and 1 in IC. We also observed that the cytokine IFN-gamma,
previously described with increased levels in CCC, reduces mitochondrial membrane
potential in cardiomyocytes. Results suggest a major reduction of mitochondrial energy
org November 2021 | Volume 12 | Article 7557821
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metabolism and mitochondrial dysfunction in CCC myocardium which may be in part
linked to IFN-gamma. This may partially explain the worse prognosis of CCC as compared
to DCM or IC.
Keywords: chronic Chagas disease cardiomyopathy, ischemic cardiomyopathy, idiopathic dilated cardiomyopathy,
proteomics, two-dimensional electrophoresis with fluorescent labeling, mitochondria, energy metabolism,
interferon-gamma
INTRODUCTION

Heart failure can be seen as a progressive disorder resulting from
loss of cardiomyocyte function and contractility decline in the
ability of the heart, due to molecular and structural
modifications, collectively called cardiac remodeling (1).
Chagas’ disease is a neglected disease and a significant cause of
morbidity and mortality in Central and South America, affecting
about 6 million people (2). The disease is caused by infection
with the intracellular protozoan parasite Trypanosoma cruzi (T.
cruzi). About 30% of infected patients develop chronic Chagas’
disease cardiomyopathy (CCC), an inflammatory dilated
cardiomyopathy that occurs decades after the initial infection,
while 60% remain asymptomatic (ASY) and 10% develop
gastrointestinal motility disorders. Chagas disease is the most
common cause of non-ischemic cardiomyopathy in Latin
America, where 6 million people are infected, causing
approximately 10,000 deaths/year, mainly due cardiac
compromise (2). Clinical progression, length of survival and
overall prognosis are significantly worse in CCC patients
compared with patients with dilated cardiomyopathy of non-
inflammatory etiology (3–6). Due to migration to non-endemic
countries, Chagas disease cardiomyopathy is now a global health
problem (7). Refractory heart failure due to CCC is one of the
main indications for heart transplantation in endemic countries.
A recent report disclosed 25 cases of heart transplantation due to
CCC in the USA, indicating the presence of patients with severe
complications from Chagas disease (8). As the currently licensed
anti-T. cruzi drugs are not effective in preventing the progression
of heart lesions of CCC (9), treatment is only supportive. The
absence of alternative specific treatment for CCC is a
consequence of limited knowledge about the pathogenesis.

The pathogenesis of CCC is incompletely understood, and
multiple mechanisms have been proposed, but myocarditis
seems to play an important role [Reviewed in (2, 10)]. After
acute infection by T. cruzi, parasitism is partially controlled by
the immune response. Low-grade parasite persistence fuels the
systemic production of inflammatory cytokines like IFN-gamma
and TNF-alpha by T cells, which is more intense in CCC than
ASY patients along the chronic phase of infection (11–13). CCC
is characterized by a myocarditis rich in monocytes and IFN-
gamma-producing T cells attracted to the heart by locally
produced chemokines such as CCL5 and CXCL9 (14), with
cardiomyocyte damage, fibrosis and hypertrophy; T. cruzi
parasites are very scarce. Indeed, IFN-gamma is the most
highly expressed cytokine in CCC myocardium (11, 12, 14–19)
and a significant number of genes expressed in CCC
org 2
myocardium is modulated by IFN-gamma (15, 20). T cells
infiltrating the heart of CCC patients recognize both T. cruzi
(21, 22) and pathogen-cross reactive autoimmune targets in the
heart, like cardiac myosin and T cruzi antigen B13 (21). This
aggressive myocarditis is without parallel in other etiologies of
dilated cardiomyopathy, which may suggest the pathogenesis of
cardiomyopathy due to Chagas disease may be distinct from
non-inflammatory cardiomyopathy. In addition, the
myocardium from CCC patients with ventricular dysfunction
displays selectively decreased levels and activity of several
mitochondrial energy metabolism enzymes, including
mitochondrial ATP synthase alpha expression and creatine
kinase activity, as compared with idiopathic dilated or ischemic
cardiomyopathy (DCM and IC respectively) (23). Patients with
CCC also displayed decreased in vivo myocardial ATP flux as
determined by 31P-NMR spectroscopy (24). These mitochondrial
changes are thought to contribute to the worse prognosis of CCC
as compared to other cardiomyopathies (25).

Systems biology approaches have been used to understand the
pathogenesis of CCC, including gene expression and miRNA
expression profiling (15, 20) and DNA methylation studies (26).
Collectively, omics studies in Chagas disease indicate induction
of genes related to cardiac hypertrophy, fibrosis, mitochondria/
oxidative stress and arrhythmia, in common with other
cardiomyopathies, but with a prominent set of differentially
expressed inflammatory and IFN-gamma-dependent genes.
Proteomic analysis has been widely applied to study
cardiovascular disease also pointing toward the embryonic/
hypertrophic phenotype and fibrosis (27–30). Studies are also
needed to map the main proteins involved in the development of
cardiovascular diseases. Given the striking inflammatory pattern
and increased number of IFN-gamma-inducible gene among
differentially expressed genes in CCC myocardium, we could
hypothesize that proteomic analysis may shed light on the
mechanisms of pathogenesis in CCC and its worse prognosis
as compared to other cardiomyopathies. Given the ability of
IFN-gamma to directly induce genes expression on
cardiomyocytes (15) we assessed its ability to cause functional
impairment in cardiomyocytes.
MATERIAL AND METHODS

Patients and Samples of Human
Myocardium
Myocardial samples were obtained from left ventricular-free wall
heart tissue from end-stage heart failure patients at the moment of
November 2021 | Volume 12 | Article 755782
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heart transplantation. Samples from 4 CCC (serological diagnosis,
positive epidemiology for Chagas disease), 4 idiopathic dilated
cardiomyopathy (DCM; dilated cardiomyopathy in the absence of
ischemic disease, negative epidemiology and serology for Chagas
disease) and 4 coronary angiography-proven dilated
cardiomyopathy (IC) patients were collected for proteomic
analysis (Table 1). Left ventricular free wall samples were also
obtained from healthy hearts from organ donors, which were not
designated for transplantation for technical reasons (control
group). Additional myocardium samples from patients with
CCC, DCM and IC and organ donors were used for
confirmatory experiments (real-time PCR and immunoblotting)
(Supplemental Table S1). Samples were cleared from pericardium
and fat tissue, quickly frozen in liquid nitrogen and stored at -70°
C. Protein homogenates were obtained using lysing solution
(1:10w/v) containing 7mol/L urea, 10mmol/L Tris, 5mmol/L
magnesium acetate and 4% CHAPS, pH 8.0, with mechanical
homogenization (PowerGen, Fisher Scientific). The homogenate
was then sonicated for three cycles of 10 seconds each to 10 Watts
(60 Dismembrator Sonic, Fisher Scientific), centrifuged at 12,000g
for 30 minutes. Supernatants were collected and stored at -70°C.
Protein quantification was performed with the Bradford
method (BioRad).
Two-Dimensional Electrophoresis
(2D-DIGE)
For the separation of the myocardium proteins we used two-
dimensional electrophoresis with a multiplexing fluorescent
labeling approach (Supplemental Figure S1), that enables
detection of small differences in protein levels as well as
inclusion of an internal standard. The standard is a pool of all
the samples within the experiment and therefore contains all
proteins relevant for the experiment. By using an internal
standard, gel-to-gel variation can be eliminated, quantification
is accurate and system variation can be separated from biological
Frontiers in Immunology | www.frontiersin.org 3
variation. The first step was the individual labelling of each
sample; 50ug protein of each sample (concentration 5mg/mL and
pH 8.5) were labeled with 400pmol of one of the fluorophores
(CY2, 3, or 5 - GE Healthcare) reconstituted with
dimethylformamide. The reaction occurred on ice for 30
minutes, and stopped by adding 1mL of lysine 10mM. The
individual samples were labeled with Cy3 or Cy5 fluorophores,
and the standard sample (“pool”) was labeled with the
fluorophore Cy2. For each gel, two individual samples, one
labeled with Cy3 and one labeled with Cy5, plus the internal
standard (“pool”) labeled with Cy2 were combined and applied
to the two-dimensional electrophoresis. This procedure was
performed for the preparation of the analytical gels. For the
identification of proteins by mass spectrometry, a “preparative
gel” was performed using the pool sample (500mg total protein:
450μg of unlabeled protein and 50μg of labeled protein with Cy2,
the internal standard). The first dimension was performed in
isoelectric focusing system “Ettan IPGphor” (GE Healthcare).
The strips of immobilized pH gradient at pH 3 to 11 nonlinear
gradient of 24cm (IPG strip) were rehydrated for at least 12
hours, with rehydration solution “DeStreak Rehydratation
Solution” containing 0.5% “IPG buffer 3-11NL” (GE
Healthcare). The electrodes were placed at the ends of the
strips, and were then taken to the platform of “Ettan IPGphor
(GE Healthcare) for isoelectric focusing so that the end of the
focus was accumulated 64kV. After isoelectrofocusing, the strips
were subjected to two rounds of equilibrium for the preparation
of proteins for the second dimension. The first step, the
reduction of proteins, was performed with the equilibrium
solution (50mM tris-HCl, 6M urea, 30% glycerol, 2% SDS and
0.002% bromophenol blue, pH = 8.8) plus 10mg/mL of DTT
(dithiothreitol) for 15 minutes. Second, alkylation of proteins
was performed with the equilibrium solution plus 25 mg/ml
iodoacetamide for 15 minutes. The second dimension was
performed in the electrophoresis vertical “Ettan Daltsix” (6 gels
of 25.5 x 20.5cm) (GE Healthcare). For gels with samples labeled
TABLE 1 | Baseline characteristics of patients included in the differential proteomic analysis.

Etiol* Patient Gender Age EF (%)† RVDD (cm)‡ Fibrosis§ Myocarditis||

CCC #1 M 50 11 82 2+ 2/3+
CCC #2 M 57 29 71 1+ 2/3+
CCC #3 M 58 29 64 2+ 2+
CCC #4 M 59 17 64 2+ 3+
IC #1 M 49 25 76 1+ 0
IC #2 M 61 33 79 3+ 0
IC #3 M 52 20 62 3+ 0
IC #4 M 55 16 83 2+ 0
DCM #1 M 53 19 77 1/2+ 0
DCM #2 M 55 25 51 3+ 0
DCM #3 M 56 16 99 2+ 0
DCM #4 M 61 27 76 3+ 0
N #1 M 17 na na na na
N #2 M 22 na na na na
N #3 M 28 na na na na
N #4 M 40 na na na na
Novembe
r 2021 | Volume 12 |
*Etiol., Etiology; †EF, Ejection Fraction (reference value, ≥55%); ‡ LVDD, Left Ventricular Diastolic Diameter (reference value, 39-53mm); § and || as rated by histopatology (0, absent; 1 +,
mild; 2 +, moderate; 3 +, intense); N, individuals without cardiomyopathies; CCC, chronic Chagas disease cardiomyopathy; DCM, idiopathic dilated cardiomyopathy; IC, ischemic
cardiomyopathy; M, Male; na, not applicable or not available.
Article 755782
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with the fluorophore, we used glass plates with low fluorescence.
The polyacrylamide gels were 12.5%, over which the strips were
placed. The set was sealed with 0.5% agarose in electrophoresis
buffer. The electrophoresis was performed in buffer containing
25mM Tris-HCl, 192mM glycine, and 0.1% SDS, pH 8.3 with a
power of 2.5W/gel for 30 minutes and 100W total by the end of
the race. To maintain the temperature to 20°C in the tank
“DaltSix” was used a cooler “MultiTemp III (GE Healthcare) at
10°C. After the second dimension, gels were fixed in a solution
containing 40% methanol and 10% acetic acid. Only the
“preparative gel” was stained in a solution containing 8%
ammonium sulfate, 0.8% phosphoric acid, 0.08% Coomassie
Blue G-250 and 20% methanol, and then bleached in water.
The gels were kept in a solution containing 15% ethanol. The
“preparative gel” stained with Colloidal Coomassie Blue were
scanned by the device “ImageScanner” (GE Healthcare) using
green filter, transparent and 300dpi resolution. The “analytical
gels” containing samples labeled with fluorophores were scanned
by the device “Typhoon 9410 Variable Mode Imager”
(GE Healthcare), using the following parameters: Cy2, 488nm
excitation and 520 nm-BP 40nm emission filter; Cy3, 532nm
excitation and 580nm - BP 40nm emission filter; Cy5,
633nm excitation and 670nm - BP 40nm emission; with
resolution 100micra and the sensitivity ranged from 450
to 550PTM.

Statistical Analysis of Differential Protein
Expression Using the DIGE
The analysis of differential protein expression using the DIGE
technique was performed using the DeCyder Differential
Analysis version 6.5 software (GE Healthcare). The volume of
each spot was normalized in relation to the total volume of spots
selected, and the gels were normalized together using the image
of the pool of samples labeled with Cy2. The proteomic profiles
of each disease group were compared with healthy donor
subjects (control group). For each experimental group, spots
present in at least 80% of samples were considered. One of the
gels was chosen as a reference (“master” gel, Cy2 labeling in the
preparative gel) for the spots matching between the gels.
Statistically significant differences of 2D-DIGE data were
computed by analysis of variance (ANOVA) and Student t-
tests. False discovery rate was applied as a multiple test
correction in order to keep the overall error rate as low as
possible, according to software manual and literature (31). Power
analysis was conducted on statistically changed spots, and only
spots that reached a sensitivity threshold > 0.8 were considered as
differentially expressed. We considered a protein to be
differentially expressed if one or more of the associated spots
was differentially expressed (p<0.01). The Ingenuity Pathways
Analysis (IPA©, Qiagen, Redwood City, USA) software was used
to analyze the differentially expressed protein profile. Qiagen
Ingenuity Pathway analysis software provides a P value
representing Fisher’s exact test representation of proteins in
each pathway that are present or not in each pathway. The
more proteins in the pathway, the lower the P value. No FDR
calculation was applied in this analysis.
Frontiers in Immunology | www.frontiersin.org 4
Automatic in Gel Protein Digestion
After detection of spots, these were picked from the “preparative
gel” (previously stained with Colloidal Coomassie Blue) and
processed by automated system “Ettan Spot Handling
Workstation” (GE Healthcare). In this system the spots were
removed from the gel and submitted to tryptic “in gel” digestion.
The tryptic peptide fragments were extracted from the gel spots
for further analysis by mass spectrometry. In summary, gel spots
were treated with solutions containing ammonium bicarbonate
and acetonitrile. Each spot gel was dried and trypsin (1.6mg/ml
in 20mM ammonium bicarbonate) was added. Digestion was
performed at 37°C for 6 hours. The product of tryptic digestion
was extracted from the spot gel with a solution containing 50%
acetonitrile and 0.45% trifluoroacetic acid (TFA). The product
was then dried and resuspended in 5mL of 50% acetonitrile and
0.5% TFA prior to mass spectrometry analysis.

Analysis by Mass Spectrometry and
Protein Identification
An aliquot (1mL) of the tryptic digest was placed onto a MALDI
target slide and 1.5mL matrix solution with standards [5 mg/ml
a-Cyano-4-hydroxycinnamic acid in 50% Acetonitrile and 0.1%
TFA, containing the peptides bradykinin (Brad, 10fmol/μL,
MW = 904.46 kDa) and adrenocorticotropic hormone (ACTH,
40fmol/μL, MW = 2465.19 kDa)]. The standard peptides were
used for calibration during the mass determination. The samples
were analyzed on a MALDI-TOF/TOF mass spectrometer (MS),
“Matrix assisted laser desorption/ionization - Time-of-Flight,
Ultraflex III (Bruker). The analysis was performed in the
“Reflectron” positive node. The detection mass range was
between 880 – 3480, and the number of shots ca. 200-300. The
spectrum calibration was done by quadratic fit using the internal
calibrating peptides: ACTH (18–39), mass selected 2465.20 and
des-Arg_Brad_MH+_mono, mass selected 904.47. The result
was a list of values that correspond to the ratio mass/charge (m/z)
of each peptide present in the tryptic digested sample. Peptide
matching and protein searches were performed automatically with
the use of in-house developed software “Poseidon” (32) or using the
tool Mascot (www.matrixscience.com). The peptide masses
(Peptide Mass Fingerprinting, PMF) were compared with the
theoretical peptide masses of all available proteins from Homo
sapiens specie in the database “SwissProt”. Monoisotopic masses
were used and a mass tolerance of 0.0025% was allowed. The
probability of a false positive match with a given MS-spectrum was
determined for each analysis (Score). Unmatched peptides or
miscleavage sites were not considered. Analysis in the MS/MS
mode was performed using the instrument’s software. The
significance threshold was set at P-value < 0.05. No mass and pI
constraints were applied, and trypsin was set as enzyme. Onemissed
cleavage per peptide was allowed, and carbamidomethylation was
set as fixed modification while methionine oxidation as variable
modification. Mass tolerance was set at 30ppm for MS spectra.

Functional analysis of proteins expressed in the myocardium
was performed using the bioinformatics tools as the “Locus Link”
(www.ncbi.nlm.nih.gov/locuslink) and based on the
classification “Gene Ontology”. The names and acronyms, as
November 2021 | Volume 12 | Article 755782
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well as the access number of proteins, were obtained by the tool
UniProt (http://www.uniprot.org).

Analysis of Protein Levels by
Immunoblotting
Extracts of myocardial samples containing 30mg of protein were
heated for 5 minutes at 95°C and subjected to one-dimensional
electrophoresis (SDS-PAGE) using 12.5% polyacrylamide gel
and the vertical electrophoresis system Ruby SE600 (GE
Healthcare). After electrophoresis, proteins were transferred
from the gel to a nitrocellulose membrane using the TE Semi-
Dry Transfer Unit (GE Healthcare). The nitrocellulose
membranes were incubated with monoclonal antibodies to
specific proteins found with altered levels in the proteomic
analysis: anti-CATA (catalase, mouse monoclonal antibody, 1
mg/mL, Sigma), anti-ACADVL (Very long-chain specific acyl-
CoA dehydrogenase, mouse monoclonal antibody, 1 mg/mL,
Abcam) and anti-DECR1 (2,4-dienoyl-CoA reductase 1, mouse
monoclonal antibody, 1 mg/mL, Abcam). Each membrane was
subjected to incubation with compatible secondary antibodies
conjugated with peroxidase, developed using ECL Plus Western
Blotting Detection Reagents (GE Healthcare) and detection using
X-ray equipment. Analysis of densitometry was performed using
the program ImageQuant TL (GE Healthcare). The relative
abundance of a specific protein across the lanes of the blot was
given by the normalization to the total amount of protein in each
lane. Statistical analysis was performed with the Graphpad Prism
software (Graphpad Software Inc, San Diego, USA). One-way
ANOVA was used to compare the different unmatched groups,
followed by the Tukey-Kramer test, which compares every mean
with every other group mean and allows for the possibility of
unequal sample sizes.

Analysis of mRNA Expression by Real-
Time Reverse Transcriptase (RT)-PCR
Total RNA from left ventricle samples was isolated using the
RNeasy Fibrous tissue kit (Qiagen). Contaminating DNA was
removed by treatment with RNase-free DNase I. cDNA was
obtained from 5μg total RNA using Super-script II™ reverse
transcriptase (Invitrogen). mRNA expression was analyzed by
real-time quantitative reverse transcriptase (RT)-PCR with SYBR
Green I PCR Master Mix (Applied Biosystems) and 250nM of
sense and anti-sense primers using the ABI Prism 7500 Real
Time PCR System (Applied Biosystems). The following primers
were designed using Primer Express software version 3.0
( A p p l i e d B i o s y s t em s ) : H PRT 1 ( h y p o x a n t h i n e
phosphoribosyltransferase 1); (F) 5’ ATTAAAGCACTGAAT
AGAAAT 3’, (R) 3’ TAAAGATAAGTCACGAAATTA 5’,
amplicon 108bp; ACADVL: (F) 5’-CCATACCCGTCCGTGCT-
3’; (R) 5’-GAGCGTCATTCTTGGCGG-3’, amplicon 109bp;
DERC1: (F) 5’ AAGCACAGAAAGGAGCAGCA 3’, (R) 5’
TCATGGCTTCCACACCTGC 3’, amplicon 108bp. After every
PCR, an amplicon melting point curve was obtained. This
yielded a single peak with the expected temperature provided
by Primer Express software, confirming the specificity of the
PCR. HPRT mRNA expression was used for normalization.
The amount of mRNA in the left ventricle samples was
Frontiers in Immunology | www.frontiersin.org 5
calculated using the 2-dCt method (33). Statistical analysis was
also performed with the Graphpad Prism software (Graphpad
Software Inc, San Diego, USA). One-way ANOVA was used to
compare the different unmatched groups, followed by the Tukey-
Kramer test, which compares every mean with every other group
mean and allows for the possibility of unequal sample sizes.

Lipid Peroxidation Evaluation
Lipid peroxidation levels were evaluated by the TBARS
(thiobarbituric acid reactive substance) method based on the
reaction of malonaldehyde (MDA), the major lipid oxidation
product, with thiobarbituric acid (TBA), which leads to the
formation of the TBA-MDA adduct (TBARS). The adduct has
fluorescence property and was isolated and detected by high
performance liquid chromatography (HPLC) with a fluorescence
detector (34). Briefly, 50mg tissue was processed in 500μL TKM
solution (Tris-HCl 50mM, KCl 25mM; MgCl2 5mM; pH 7.5).
For a 200μL aliquot of the tissue homogenate, further 200μL of
TKM solution was added and subsequently 500mL of a 0.4%(w/v)
solution of TBA in HCl 0.2N/H2O (2:1), 75mL of 0.2% (w/v)
solution of BHT in 95% ethanol and 50mL of 10% (w/v) SDS. The
mixture was heated to 90°C for 45 min, cooled on ice, and
extracted with an equal volume of isobutanol. The isobutanolic
phase was injected through a Shimadzu auto injector model SIL-
10AD/VP (Shimadzu, Kyoto, Japan) in a Shimadzu HPLC
system, consisting of two pumps LC-6AD connected to a
Lichrosorb 10 RP-18 (Phenomenex, Torrance, CA) reversed-
phase column. The flow rate was 0.8mL/min (5–25% acetonitrile
in H2O deionized). The MDA-TBA adduct was detected with a
RF-10A/XL fluorescence detector set at an excitation wavelength
of 515nm and an emission wavelength of 550nm, and data were
processed using Shimadzu ClassVP 5.03 software .
Malonaldehyde-bisdiethylacetal was used as a standard.
Statistical analysis was performed with the Graphpad Prism
software (Graphpad Software Inc, San Diego, USA). One-way
ANOVA was used to compare the different unmatched groups,
followed by the Tukey-Kramer test, which compares every mean
with every other group mean and allows for the possibility of
unequal sample sizes.

Effect of IFN-Gamma on Cardiomyocyte
Mitochondrial Membrane Potential
Human adult ventricular cardiomyocyte cell line AC16 was
propagated using DMEM:F12 supplemented with 12.5%
inactivated fetal bovine serum (FBS) without antibiotics and
used during 8 passages. A quantity of 0.10x10e4 cells were seeded
per 0.34cm² and incubated in a humidified incubator at 37°C and
5% CO2 for 24 hours. Then, cells were treated with 5, 10 or 25ng/
ml of IFN-gamma for 48 hours. At the end of treatment, cells
were stained using 1μM of tetramethylrhodamine, methyl ester,
perchlorate (TMRM, ThermoFisher Scientific), 400nM of
mitotracker DeepRed (ThermoFisher Scientific), 500ng/ml of
propidium iodide (PI, Sigma) and 1μM of Hoechst 33342
(ThermoFisher Scientific) at 37°C and 5% CO2 for 30 minutes
and cells were washed once with Hanks’ Balanced Salt solution
(HBSS) containing calcium and magnesium. Micrographs were
captured using ImageXpress Micro XLSWidefield High-Content
November 2021 | Volume 12 | Article 755782
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Analysis system at 100x magnification and the mitochondrial
membrane potential was evaluated in live cells (PI negative)
using and the web-based software Columbus 2.7.1.133403
(PerkinElmer Inc.). Mitochondrial DY was measured only in
regions of co-localization of TMRE and mitotracker deepred
fluorescences and data are reported as the ratio to not-treated
cells. Cell viability was calculated as the ratio of the number of
live cells (PI-negative) and total cells (PI-negative plus PI-
positive cells) x 100; n=3.
RESULTS

We performed a differential proteomic analysis in the left
ventricular free wall myocardial samples from patients with
CCC, DCM and IC in comparison to subjects without
cardiomyopathy (control group N), using a multiplexing
methodology of 2-Dimentional Fluorescence Difference Gel
Electrophoresis (2D-DIGE) (Supplemental Figure S2).
Patients from the three cardiomyopathy groups included in the
analysis displayed cardiomyocyte hypertrophy and fibrosis upon
histopathological analysis, but lymphocytic myocarditis was only
observed in myocardial samples from CCC patients (Table 1).
No significant differences were found in age, ejection fraction
(EF) or left ventricular diastolic diameter (LVDD) among the
three cardiomyopathy groups. However, the control group –
organ donors whose heart was not designated for transplantation
– was inherently younger than the patient groups, since usually
the preferential donors for organ transplantation are among
younger individuals.

The proteomic analysis covered a total of 683 spots present in
at least 80% of each of the fluorescent analytical gels.
Supplemental Figures S2A, B display the Coomassie stained
gel (preparative gel), and a representative 2D-DIGE stained gel
(analytical gel), respectively. A total of 565 spots could be
matched in the Coomassie colloidal blue stain-preparative gel
and submitted to mass spectrometry identification; from which
we were able to identify 439 proteins; and among those, 230 were
Frontiers in Immunology | www.frontiersin.org 6
distinct proteins (Supplemental Table S2). The majority of
proteins (63%) were identified in a single spot. The remaining
37% of proteins have been identified in more than one spot. For
some of these “multispot” proteins, only some of the spots were
differentially expressed, while other spots corresponding to the
same protein showed no difference in expression. This can be
explained by the fact that some proteins could have different
isoforms or post-translational modification that change their
charge and consequently their isoelectric point. In this study, the
deeper analysis of post-translational modification was not
performed due to the complexity of such analysis and
limitations of the method. Supplemental Figures S3A–C show
Volcano plots displaying fold change and P values of the spots in
the myocardial samples from CCC, DCM and IC patients as
compared to the control group.

Figure 1 and Supplemental Figure S4 show Venn diagrams
indicating the number of differentially expressed identified
proteins and spots, that were shared or unique in any of the
disease groups as compared to the control group. When
compared with the control group, myocardial samples from
patients with CCC and DCM showed a higher number of
differentially expressed proteins than the IC group.
Approximately 77% of differentially expressed proteins in CCC
myocardium were shared with the DCM group, 29% were shared
with the IC group, and 26% of differentially expressed proteins
were shared between the 3 groups.

Pathways analysis of differentially expressed proteins
(Figure 2) disclosed enrichment in cardiac hypertrophy and
cardiac fibrosis for all 3 diseases, while oxidative stress was
enriched for both CCC and DCM. We observed a higher
enrichment in CCC and DCM in the mitochondrial
dysfunction pathway, and much higher enrichment in CCC in
the fatty acid metabolism (beta-oxidation), transmembrane
potential of mitochondria, and cardiac necrosis pathways. The
compilation of the data from all analyzed spots and proteins can
be found in Supplemental Table S2. Table 2 and Supplemental
Figure S5A shows the cellular component classification of the
total identified proteins. Most of the identified proteins were
A B

FIGURE 1 | Venn diagrams representing the occurrence of proteins differentially expressed in common or unique relationships between groups of patients with
cardiomyopathy group compared with individuals without cardiomyopathies. Number of proteins with increased (A) or decreased (B) expression of at least one spot
in samples from patients when compared with samples from subjects without cardiomyopathy. Over 67% of proteins differentially expressed in CCC were contained
in a single spot.
November 2021 | Volume 12 | Article 755782
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classified as cytoplasmic (35%), mitochondrial (28%), or
cytoskeletal (13%). Table 3 and Supplemental Figure S5B
shows the functional classification of the total identified
proteins. Through this classification, most of the proteins were
classified as proteins related to metabolism (37%), structural and
contractile proteins (14%) and proteins involved in the stress
response and apoptosis (12%). Analysis of differentially
expressed proteins in samples from each clinical group
disclosed a similar distribution, as can also be observed in the
Tables 2 and 3.

Table 4 displays the differentially expressed proteins in the
different clinical groups (CCC, DCM or IC) as compared with
individuals without cardiomyopathy (control group N), classified
by biological process, and shows which of these proteins were
Frontiers in Immunology | www.frontiersin.org 7
shared among the groups. We found 128 differentially expressed
proteins in myocardial samples from patients with CCC when
compared to the control group (Table 4, section a). Among
these, 25 proteins (ca. 20%) were found exclusively modulated in
CCC samples. Among the 25, 12 were upregulated; between
those, 3 belonged to the stress response/apoptosis process and 2
to metabolism (glycolysis). Thirteen proteins were down-
modulated exclusively in CCC myocardium. Five belonged to
the mitochondrial energy metabolism (oxidation, tricarboxylic
acid cycle and oxidative phosphorylation), 4 were structural/
contractile proteins, and one belonged to the stress response and
apoptosis process. Regarding IC (Table 4, section b) and DCM
(Table 4, section c), we identified 113 and 44 differentially
expressed proteins as compared to the control group. The
FIGURE 2 | Toxicity function pathways analysis of differentially expressed proteins in CCC, DCM and IC myocardium. Proteins differentially expressed in heart tissue
were analyzed using Ingenuity Pathways Analysis® (Qiagen) using the tox-list function, which classifies gene or protein sets into pathological/toxicological pathways.
Bars indicate the –log p value for a given pathway or process.
TABLE 2 | Cellular component classification of the proteins differentially expressed in the myocardium from patients with CCC, IC and DCM.

Cellular Component Total prot.* T. diff. prot.† CCC/N IC/N DCM/N

↑ ↓ ↑ ↓ ↑ ↓

Cytoplasm 81 54 25 22 9 3 21 25
Cytoskeleton 30 22 6 11 3 5 7 9
Endoplasmic reticulum 8 5 5 0 0 0 5 0
Membrane 13 8 3 4 2 0 2 3
Mitochondria 64 41 13 22 13 3 14 17
Nucleus 20 8 3 4 0 0 3 3
Secreted 10 8 6 0 5 0 7 0
Other 4 3 2 0 1 1 1 0
Total 230 149 63 63 33 12 60 57
November 2021 | Volume
 12 | Article 755
*Total prot., Total number of proteins identified in each cellular component; †T. diff. prot., Total number of proteins in each cellular component that were found to be differentially expressed
in the myocardium from patients with CCC, IC and DCM as compared to individuals without cardiomyopathies (N).
Bold means the total number of protein in each column.
↑ means upregulated expression ↓ means downregulated expression.
Bold means the total number of protein in each column.
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TABLE 3 | Functional classification of the proteins differentially expressed in the myocardium from patients with CCC, IC and DCM.

Function Total prot.* T. diff. prot.† CCC/N IC/N DCM/N

↑ ↓ ↑ ↓ ↑ ↓

1. Structural and Contractile Proteins 32 25 7 13 4 5 8 10
2. Metabolism 86 60 19 32 16 6 19 29
2.1. Glycolysis 15 11 5 5 3 0 3 6
2.2. Lipid Metabolism/ß-Oxidation 11 7 0 6 1 1 1 2
2.3. Tricarboxylic Acid Cycle 8 7 1 4 1 0 2 3
2.4. Oxidative Phosphorylation and Electron Transport 18 14 5 8 5 2 4 8
2.5. Creatine Kinase System (Energy Transduction) 3 2 0 2 0 1 0 2
2.6. Other Metabolic Processes 31 19 8 7 6 2 9 8
3. Stress Response and Apoptosis 27 22 13 6 2 0 12 6
4. Immune Response 3 3 3 0 2 0 2 0
5. Cell Signaling 13 4 2 1 0 0 1 2
6. Transcription and Translation Processes 18 6 2 2 0 0 3 3
7. Transport 8 3 2 1 2 0 2 1
8. Proteasome-Ubiquitin Process 6 3 3 0 0 0 2 0
9. Other Functions 37 23 12 8 7 1 11 6
Total 230 149 63 63 33 12 60 57
Frontiers in Immunology | www.frontiersin.org
 8
 Novembe
r 2021 | Volume 12 |
 Article 755
*Total prot., Total number of proteins identified in each functional classification; †T. diff. prot., Total number of proteins in each functional classification that were found to be differentially
expressed in the myocardium from patients with CCC, IC and DCM as compared to individuals without cardiomyopathies (N).
↑ means upregulated expression ↓ means downregulated expression.
Bold means the total number of protein in each column
TABLE 4 | List of the differentially expressed proteins identified in the myocardium from patients with CCC, IC and DCM when compared to individuals without
cardiomyopathies.

a) Differentially Expressed Proteins Only in CCC patients Total
Spots‡

CCC/
N

IC/N DCM/
N

Entry
name*

Protein names† Function ↑↓ S§ ↑↓ S§ ↑↓ S§

ARP3 Actin-like protein 3 1. Structural and Contractile Proteins 1 ↑ 1
ENOA Alpha-enolase (Non- neural enolase) 2.1. Glycolysis 6 ↑ 1
G3P Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 2.1. Glycolysis 7 ↑ 2
MCCB Methylcrotonoyl-CoA carboxylase beta chain, mitochondrial 2.6. Other Metabolic Processes 1 ↑ 1
CATA Catalase 3. Stress Response and Apoptosis 2 ↑ 2
HSPB7 Heat shock protein beta-7 3. Stress Response and Apoptosis 1 ↑ 1
TR10B Tumor necrosis factor receptor superfamily member 10B 3. Stress Response and Apoptosis 1 ↑ 1
LEG3 Galectin-3 4. Immune Response 1 ↑ 1
BLK Tyrosine-protein kinase BLK 5. Cell Signaling 1 ↑ 1
PSME1 Proteasome activator complex subunit 1 (Interferon gamma up-

regulated I-5111 protein)
8. Proteasome-Ubiquitin Process/Immune
response

1 ↑ 1

APOA1 Apolipoprotein A-I precursor 9. Other Functions 2 ↑ 1
F90AM Putative protein FAM90A22 9. Other Functions 1 ↑ 1
ACTA Actin, aortic smooth muscle

(Alpha-actin-2)
1. Structural and Contractile Proteins 1 ↓ 1

MYL4 Myosin light polypeptide 4 (Myosin light chain 1, embryonic muscle/
atrial isoform)

1. Structural and Contractile Proteins 1 ↓ 1

STML2 Stomatin-like protein 2 1. Structural and Contractile Proteins 1 ↓ 1
TPM1 Tropomyosin-1 alpha chain 1. Structural and Contractile Proteins 1 ↓ 1
ACADVL Very long-chain specific acyl-CoA dehydrogenase, mitochondrial 2.2. Lipid Metabolism/ß-Oxidation 5 ↓ 3
HCDH Hydroxyacyl-coenzyme A dehydrogenase, mitochondrial 2.2. Lipid Metabolism/ß-Oxidation 4 ↓ 4
THIM 3-ketoacyl-CoA thiolase, mitochondrial 2.2. Lipid Metabolism/ß-Oxidation 2 ↓ 1
MDHM Malate dehydrogenase, mitochondrial 2.3. Tricarboxylic Acid Cycle 4 ↓ 3
NDUS1 NADH-ubiquinone oxidoreductase 75 kDa subunit, mitochondrial 2.4. Oxidative Phosphorylation and

Electron Transport
3 ↓ 2

ROA2 Heterogeneous nuclear ribonucleoproteins A2/B1 2.6. Other Metabolic Processes 2 ↓ 1
HSPB1 Heat-shock protein beta-1 (Heat shock 27 kDa protein) 3. Stress Response and Apoptosis 3 ↓ 1
KELL Kell blood group glycoprotein 9. Other Functions 1 ↓ 1
SKT Sickle tail protein homolog 9. Other Functions 1 ↓ 1

(Continued)
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TABLE 4 | Continued

b) Differentially Expressed Proteins Only in IC patients Total
Spots‡

CCC/
N

IC/N DCM/
N

Entry
name*

Protein names† Function ↑↓ S§ ↑↓ S§ ↑↓ S§

ACON Aconitate hydratase, mitochondrial (Aconitase) 2.3. Tricarboxylic Acid Cycle 8 ↑ 3
KI26A Kinesin-like protein KIF26A 1. Structural and Contractile Proteins 1 ↓ 1
W19L5 Putative WBSCR19-like protein 5 9. Other Functions 1 ↓ 1

c) Differentially Expressed Proteins Only in DCM patients Total
Spots‡

CCC/
N

IC/N DCM/
N

Entry
name*

Protein names† Function ↑↓ S§ ↑↓ S§ ↑↓ S§

PDLI1 PDZ and LIM domain protein 1 1. Structural and Contractile Proteins 1 ↑ 1
VINC Vinculin (Metavinculin) 1. Structural and Contractile Proteins 2 ↑ 2
ODO2 2-oxoglutarate dehydrogenase E2 component, mitochondrial 2.3. Tricarboxylic Acid Cycle 2 ↑ 1
COQ9 Ubiquinone biosynthesis protein COQ9, mitochondrial 2.6. Other Metabolic Processes 1 ↑ 1
HSP7C Heat shock cognate 71 kDa protein (Heat shock 70 kDa protein 8). 3. Stress Response and Apoptosis 2 ↑ 2
SAMP Serum amyloid P-component precursor 3. Stress Response and Apoptosis 1 ↑ 1
ZN799 Zinc finger protein 799 6. Transcription and Translation Processes 1 ↑ 1
IFIT5 Interferon-induced protein with tetratricopeptide repeats 5 9. Other Functions 1 ↑ 1
CAZA2 F-actin capping protein subunit alpha-2 (CapZ alpha-2) 1. Structural and Contractile Proteins 1 ↓ 1
MYOZ2 Myozenin-2 1. Structural and Contractile Proteins 3 ↓ 1
TPIS Triosephosphate isomerase 2.1. Glycolysis 3 ↓ 1
NDUAD NADH dehydrogenase [ubiquinone] 1 alpha subcomplex subunit 13 2.4. Oxidative Phosphorylation and

Electron Transport
1 ↓ 1

GSTM2 Glutathione S-transferase Mu 2 2.6. Other Metabolic Processes 1 ↓ 1
CRYAB Alpha crystallin B chain 3. Stress Response and Apoptosis 3 ↓ 1
GBG5 Guanine nucleotide-binding protein G(I)/G(S)/G(O) subunit gamma-5 5. Cell Signaling 2 ↓ 1
EDC4 Enhancer of mRNA-decapping protein 4 6. Transcription and Translation Processes 1 ↓ 1

d) Differentially Expressed Proteins Shared by CCC and IC patients Total
Spots‡

CCC/
N

IC/N DCM/
N

Entry
name*

Protein names† Function ↑↓ S§ ↑↓ S§ ↑↓ S§

NDUS3 NADH dehydrogenase [ubiquinone] iron-sulfur protein 3, mitochondrial 2.4. Oxidative Phosphorylation and
Electron Transport

2 ↑ 1 ↑ 1

CHCH3 Coiled-coil-helix-coiled-coil-helix domain-containing protein 3,
mitochondrial

9. Other Functions 2 ↑ 1 ↑ 1

ACTN2 Alpha-actinin-2 (Alpha actinin skeletal muscle isoform 2) 1. Structural and Contractile Proteins 4 ↓ 1 ↓ 1
D3D2 3,2-trans-enoyl-CoA isomerase, mitochondrial 2.2. Lipid Metabolism/ß-Oxidation 1 ↓ 1 ↓ 1

e) Differentially Expressed Proteins Shared by CCC and DCM patients Total
Spots‡

CCC/
N

IC/N DCM/
N

Entry
name*

Protein names† Function ↑↓ S§ ↑↓ S§ ↑↓ S§

TBA1C Tubulin alpha-1C chain 1. Structural and Contractile Proteins 1 ↑ 1 ↑ 1
TBB5 Tubulin beta-5 chain 1. Structural and Contractile Proteins 3 ↑ 2 ↑ 2
IDH3A Isocitrate dehydrogenase [NAD] subunit alpha, mitochondrial 2.3. Tricarboxylic Acid Cycle 2 ↑ 2 ↑ 1
DPYL2 Dihydropyrimidinase-related protein 2 2.6. Other Metabolic Processes 1 ↑ 1 ↑ 1
SCOT1 Succinyl-CoA:3-ketoacid-coenzyme A transferase 1, mitochondrial 2.6. Other Metabolic Processes 2 ↑ 1 ↑ 2
ENPL Endoplasmin precursor (Heat shock protein 90 kDa beta member 1) 3. Stress Response and Apoptosis 2 ↑ 1 ↑ 1
GRP78 78 kDa glucose-regulated protein (Heat shock 70 kDa protein 5) 3. Stress Response and Apoptosis 3 ↑ 3 ↑ 3
HS90A Heat shock protein HSP 90-alpha 3. Stress Response and Apoptosis 1 ↑ 1 ↑ 1
HSP71 Heat shock 70 kDa protein 1 3. Stress Response and Apoptosis 2 ↑ 1 ↑ 2
PDIA1 Protein disulfide-isomerase precursor 3. Stress Response and Apoptosis 1 ↑ 1 ↑ 1
PDIA3 Protein disulfide-isomerase A3 precursor 3. Stress Response and Apoptosis 2 ↑ 2 ↑ 2
ANXA1 Annexin A1 (Annexin I) 3. Stress Response and Apoptosis 1 ↑ 1 ↑ 1
ANXA5 Annexin A5 (Annexin V) 3. Stress Response and Apoptosis 2 ↑ 2 ↑ 2
1433Z 14-3-3 protein zeta/delta 5. Cell Signaling 1 ↑ 1 ↑ 1

(Continued)
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TABLE 4 | Continued

e) Differentially Expressed Proteins Shared by CCC and DCM patients Total
Spots‡

CCC/
N

IC/N DCM/
N

Entry
name*

Protein names† Function ↑↓ S§ ↑↓ S§ ↑↓ S§

SYAC Alanyl-tRNA synthetase, cytoplasmic 6. Transcription and Translation Processes 3 ↑ 2 ↑ 1
ZN658 Zinc finger protein 658 6. Transcription and Translation Processes 1 ↑ 1 ↑ 1
MIB2 E3 ubiquitin-protein ligase MIB2 8. Proteasome-Ubiquitin Process 1 ↑ 1 ↑ 1
RNF25 E3 ubiquitin-protein ligase 8. Proteasome-Ubiquitin Process 1 ↑ 1 ↑ 1
ANXA2 Annexin A2 (Annexin II) 9. Other Functions 3 ↑ 3 ↑ 2
F13A Coagulation factor XIII A chain 9. Other Functions 1 ↑ 1 ↑ 1
AMPL Cytosol aminopeptidase 9. Other Functions 2 ↑ 2 ↑ 1
PDZD4 PDZ domain-containing protein 4 9. Other Functions 1 ↑ 1 ↑ 1
AINX Alpha-internexin 1. Structural and Contractile Proteins 1 ↓ 1 ↓ 1
MLRV Myosin regulatory light chain 2, ventricular/cardiac muscle isoform 1. Structural and Contractile Proteins 4 ↓ 1 ↓ 3
MYL3 Myosin light polypeptide 3 (Myosin light chain 1, slow-twitch muscle

B/ventricular isoform)
1. Structural and Contractile Proteins 4 ↓ 2 ↓ 2

TNNT2 Troponin T, cardiac muscle 1. Structural and Contractile Proteins 7 ↓ 1 ↓ 1
VIME Vimentin 1. Structural and Contractile Proteins 1 ↓ 1 ↓ 1
ALDOA Fructose-bisphosphate aldolase A (Muscle-type aldolase) 2.1. Glycolysis 6 ↓ 1 ↓ 2
ALDOC Fructose-bisphosphate aldolase C (Brain-type aldolase) 2.1. Glycolysis 2 ↓ 2 ↓ 2
ENOB Beta-enolase (Skeletal muscle enolase) 2.1. Glycolysis 1 ↓ 1 ↓ 1
K6PF 6-phosphofructokinase, muscle type 2.1. Glycolysis 2 ↓ 1 ↓ 1
PGAM2 Phosphoglycerate mutase 2 2.1. Glycolysis 2 ↓ 2 ↓ 2
ACADM Medium-chain specific acyl-CoA dehydrogenase, mitochondrial 2.2. Lipid Metabolism/ß-Oxidation 1 ↓ 1 ↓ 1
DECR 2,4-dienoyl-CoA reductase, mitochondrial 2.2. Lipid Metabolism/ß-Oxidation 3 ↓ 1 ↓ 2
DHSB Succinate dehydrogenase [ubiquinone] iron-sulfur subunit,

mitochondrial
2.3. Tricarboxylic Acid Cycle 1 ↓ 1 ↓ 1

FUMH Fumarate hydratase, mitochondrial 2.3. Tricarboxylic Acid Cycle 3 ↓ 1 ↓ 1
IDHP Isocitrate dehydrogenase [NADP], mitochondrial 2.3. Tricarboxylic Acid Cycle 3 ↓ 3 ↓ 3
ATP5H ATP synthase D chain, mitochondrial 2.4. Oxidative Phosphorylation and

Electron Transport
1 ↓ 1 ↓ 1

NDUAA NADH dehydrogenase [ubiquinone] 1 alpha subcomplex subunit 10 2.4. Oxidative Phosphorylation and
Electron Transport

1 ↓ 1 ↓ 1

NDUV1 NADH dehydrogenase [ubiquinone] flavoprotein 1, mitochondrial 2.4. Oxidative Phosphorylation and
Electron Transport

4 ↓ 2 ↓ 1

QCR1 Cytochrome b-c1 complex subunit 1, mitochondrial 2.4. Oxidative Phosphorylation and
Electron Transport

3 ↓ 2 ↓ 1

QCR2 Cytochrome b-c1 complex subunit 2, mitochondrial 2.4. Oxidative Phosphorylation and
Electron Transport

1 ↓ 1 ↓ 1

KCRS Creatine kinase, sarcomeric mitochondrial 2.5. Creatine Kinase System (Energy
Transduction)

5 ↓ 1 ↓ 1

KU86 ATP-dependent DNA helicase 2 subunit 2 2.6. Other Metabolic Processes 1 ↓ 1 ↓ 1
BLVRB Flavin reductase 2.6. Other Metabolic Processes 1 ↓ 1 ↓ 1
KAD1 Adenylate kinase isoenzyme 1 2.6. Other Metabolic Processes 2 ↓ 1 ↓ 1
MDHC Malate dehydrogenase, cytoplasmic 2.6. Other Metabolic Processes 3 ↓ 1 ↓ 1
THIL Acetyl-CoA acetyltransferase, mitochondrial 2.6. Other Metabolic Processes 1 ↓ 1 ↓ 1
AKT2 RAC-beta serine/threonine-protein kinase 3. Stress Response and Apoptosis 1 ↓ 1 ↓ 1
NEIL1 Endonuclease VIII-like 1 3. Stress Response and Apoptosis 1 ↓ 1 ↓ 1
PRDX2 Peroxiredoxin-2 3. Stress Response and Apoptosis 1 ↓ 1 ↓ 1
PRDX3 Peroxiredoxin-3 3. Stress Response and Apoptosis 1 ↓ 1 ↓ 1
PRDX6 Peroxiredoxin-6 3. Stress Response and Apoptosis 3 ↓ 1 ↓ 3
KC1E Casein kinase I isoform epsilon 5. Cell Signaling 1 ↓ 1 ↓ 1
EIF3J Eukaryotic translation initiation factor 3 subunit 6. Transcription and Translation Processes 1 ↓ 1 ↓ 1
IF4H Eukaryotic translation initiation factor 4H 6. Transcription and Translation Processes 1 ↓ 1 ↓ 1
UCP2 Mitochondrial uncoupling protein 2 7. Transport 1 ↓ 1 ↓ 1
EHD4 EH domain-containing protein 4 9. Other Functions 1 ↓ 1 ↓ 1
GAB3 GRB2-associated-binding protein 3 9. Other Functions 1 ↓ 1 ↓ 1
JKIP1 Janus kinase and microtubule-interacting protein 1 9. Other Functions 1 ↓ 1 ↓ 1
MYG Myoglobin 9. Other Functions 8 ↓ 2 ↓ 3
PEBP1 Phosphatidylethanolamine-binding protein 1 9. Other Functions 1 ↓ 1 ↓ 1
WDFY2 WD repeat and FYVE domain-containing protein 2 9. Other Functions 1 ↓ 1 ↓ 1
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TABLE 4 | Continued

f) Differentially Expressed Proteins Shared by IC and DCM patients Total
Spots‡

CCC/
N

IC/N DCM/
N

Entry
name*

Protein names† Function ↑↓ S§ ↑↓ S§ ↑↓ S§

ECHM Enoyl-CoA hydratase, mitochondrial 2.2. Lipid Metabolism/ß-Oxidation 1 ↑ 1 ↑ 1
AOFB Amine oxidase [flavin-containing] B 2.6. Other Metabolic Processes 1 ↑ 1 ↑ 1
BPIL3 Bactericidal/permeability-increasing protein-like 3 9. Other Functions 1 ↑ 1 ↑ 1
GSTP1 Glutathione S-transferase P 2.6. Other Metabolic Processes 1 ↓ 1 ↓ 1

g) Differentially Expressed Proteins Shared by CCC, IC and DCM patients Total
Spots‡

CCC/
N

IC/N DCM/
N

Entry
name*

Protein names† Function ↑↓ S§ ↑↓ S§ ↑↓ S§

DESM Desmin 1. Structural and Contractile Proteins 9 ↑ 4 ↑ 2 ↑ 8
GELS Gelsolin precursor (Actin-depolymerizing factor) 1. Structural and Contractile Proteins 6 ↑ 5 ↑ 1 ↑ 5
LUM Lumican precursor 1. Structural and Contractile Proteins 1 ↑ 1 ↑ 1 ↑ 1
TNNI3 Troponin I, cardiac muscle 1. Structural and Contractile Proteins 1 ↑ 1 ↑ 1 ↑ 1
G6PI Glucose-6-phosphate isomerase 2.1. Glycolysis 1 ↑ 1 ↑ 1 ↑ 1
KPYM Pyruvate kinase isozymes M1/M2 2.1. Glycolysis 4 ↑ 1 ↑ 1 ↑ 3
PGAM1 Phosphoglycerate mutase 1 2.1. Glycolysis 2 ↑ 2 ↑ 2 ↑ 2
AL4A1 Delta-1-pyrroline-5-carboxylate dehydrogenase, mitochondrial 2.4. Oxidative Phosphorylation and

Electron Transport
1 ↑ 1 ↑ 1 ↑ 1

ATPA ATP synthase subunit alpha, mitochondrial 2.4. Oxidative Phosphorylation and
Electron Transport

8 ↑ 4 ↑ 3 ↑ 3

DHSA Succinate dehydrogenase [ubiquinone] flavoprotein subunit,
mitochondrial

2.4. Oxidative Phosphorylation and
Electron Transport

4 ↑ 2 ↑ 2 ↑ 2

DLDH Dihydrolipoyl dehydrogenase, mitochondrial precursor 2.4. Oxidative Phosphorylation and
Electron Transport

4 ↑ 3 ↑ 1 ↑ 3

CATD Cathepsin D 2.6. Other Metabolic Processes 2 ↑ 1 ↑ 1 ↑ 1
DHE3 Glutamate dehydrogenase 1, mitochondrial 2.6. Other Metabolic Processes 1 ↑ 1 ↑ 1 ↑ 1
MMSA Methylmalonate-semialdehyde dehydrogenase [acylating],

mitochondrial
2.6. Other Metabolic Processes 1 ↑ 1 ↑ 1 ↑ 1

TGM2 Protein-glutamine gamma-glutamyltransferase 2 2.6. Other Metabolic Processes 3 ↑ 3 ↑ 1 ↑ 3
UGPA UTP–glucose-1-phosphate uridylyltransferase 2.6. Other Metabolic Processes 1 ↑ 1 ↑ 1 ↑ 1
GRP75 Stress-70 protein, mitochondrial 3. Stress Response and Apoptosis 2 ↑ 2 ↑ 2 ↑ 2
TRAF3 TNF receptor-associated factor 3 3. Stress Response and Apoptosis 2 ↑ 1 ↑ 1 ↑ 2
CO3 Complement C3 precursor 4. Immune Response 2 ↑ 1 ↑ 1 ↑ 2
IGHG1 Ig gamma-1 chain C region. 4. Immune Response 3 ↑ 3 ↑ 3 ↑ 3
FRRS1 Ferric-chelate reductase 1 7. Transport 1 ↑ 1 ↑ 1 ↑ 1
SNAB Beta-soluble NSF attachment protein 7. Transport 1 ↑ 1 ↑ 1 ↑ 1
ALBU Serum albumin precursor 9. Other Functions 4 ↑ 4 ↑ 2 ↑ 4
CSRP3 Cysteine and glycine-rich protein 3 9. Other Functions 1 ↑ 1 ↑ 1 ↑ 1
IMMT Mitochondrial inner Membrane protein (Mitofilin) 9. Other Functions 4 ↑ 3 ↑ 2 ↑ 3
TRFE Serotransferrin precursor (Transferrin) 9. Other Functions 4 ↑ 3 ↑ 3 ↑ 3
YP016 Uncharacterized protein MGC16385 9. Other Functions 1 ↑ 1 ↑ 1 ↑ 1
ACTC Actin, alpha cardiac muscle 1 (Alpha-cardiac actin) 1. Structural and Contractile Proteins 15 ↓ 8 ↓ 1 ↓ 5
LDB3 LIM domain-binding protein 3 1. Structural and Contractile Proteins 5 ↓ 5 ↓ 5 ↓ 5
MYH7 Myosin-7 (Myosin heavy chain, cardiac muscle beta isoform) 1. Structural and Contractile Proteins 2 ↓ 1 ↓ 1 ↓ 1
AT5F1 ATP synthase subunit b, mitochondrial 2.4. Oxidative Phosphorylation and

Electron Transport
3 ↓ 2 ↓ 1 ↓ 2

NDUV2 NADH dehydrogenase [ubiquinone] flavoprotein 2, mitochondrial 2.4. Oxidative Phosphorylation and
Electron Transport

1 ↓ 1 ↓ 1 ↓ 1

KCRM Creatine kinase M-type 2.5. Creatine Kinase System (Energy
Transduction)

5 ↓ 5 ↓ 2 ↓ 5

AATC Aspartate aminotransferase, cytoplasmic 2.6. Other Metabolic Processes 3 ↓ 2 ↓ 2 ↓ 2

*Entry name: Mnemonic identifier for a UniProtKB entry, all the entry names are followed by “_HUMAN”; †Protein names: Name of the protein according to UniProtKB; ‡Total spots
Number of spots identified as such protein; §S: Number of differentially expressed spots identified as such protein for each comparison. Other annotations and comments, fold change and
statistical values, as well as protein identification score values of all identified spots are included in the Supplemental Table 2 from Online Supplemental Data.
↑ means upregulated expression ↓ means downregulated expression.
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Table 4 also includes the list of the protein that were
differentially expressed in more than one specific disease group
as compared to control group.

We then focused the analysis on metabolism-related proteins
because they were the most frequently modulated in our study.
Among the energy metabolism proteins with reduced expression
only in CCC samples, we found several enzymes from the beta-
oxidation process, as depicted in Figure 3. Very long-chain
specific acyl-CoA dehydrogenase (ACADVL) was found in
decreased levels in 3 out of 5 spots only in CCC samples.
Moreover, the total level of ACADVL was also found
differentially expressed when evaluated by immunoblotting
(Figure 4A and Supplemental Figure S9). CCC patients show
reduced total levels of ACADVL as compared to samples from
the control group and from patients with IC. mRNA levels of the
ACADVL gene (Figure 4B) were also reduced in CCC samples
as compared to the control group, suggesting transcriptional
regulation. Moreover, all spots identified as hydroxyacyl-
coenzyme A dehydrogenase (HCDH) and one out of two spots
identified as the protein 3-ketoacyl-CoA thiolase (THIM) were
found to be decreased only in CCC samples as compared to
samples from individuals without cardiomyopathies. Medium-
chain specific acyl-CoA dehydrogenase (ACADM) showed
decreased levels in CCC and also DCM samples. The enzymes
2,4-dienoyl-CoA reductase (DECR) (Supplemental Figure S9)
and 3,2-trans-enoyl-CoA isomerase (D3D2), which participate
in the metabolism of unsaturated fatty enoyl-CoA esters, also
showed reduced expression in samples of patients with CCC and
Frontiers in Immunology | www.frontiersin.org 12
DCM, and in samples of patients with CCC and IC, respectively,
when compared to control samples. Enoyl-CoA hydratase
(ECHM), which participates in the second reaction of beta-
oxidation, shows increased expression in patients with IC and
DCM, but not in patients with CCC. We further evaluate by
immunoblotting the protein levels of the protein DECR, that
presented decreased levels in CCC samples as compared to IC
samples and samples from the control group. This reduction was
also observed in the DECR mRNA level evaluated by RT-qPCR
(Figure S6). Taken together, the number of beta-oxidation
enzymes with reduced expression in CCC is considerable
higher than DCM and IC samples (6, 2 and 1, respectively)
(Table 3), which may indicate that fatty acid beta-oxidation is
more impaired in CCC than DCM or IC.

Evaluating further other pathways from the energetic
metabolism, nine proteins involved in glycolysis were
differentially expressed in the cardiomyopathy groups
(Supplemental Figure S7A). Three were upregulated in all
patient samples, while ENOA and G3PDH were exclusively
upregulated in CCC. Five enzymes showed reduced expression
in both CCC and DCM (Table 4).

Regarding the tricarboxylic acid cycle (Supplemental Figure
S7B), six enzymes were differentially expressed in the
cardiomyopathies; three of them with reduced expression in
CCC and DCM samples as compared to control group: Fumarate
hydratase (FUMH); Succinate dehydrogenase [ubiquinone] iron-
sulfur subunit (DHSB) and Isocitrate dehydrogenase [NADP]
(IDHP). IDHP participates in the tricarboxilic acid cycle, but is
FIGURE 3 | Cartoon depicting fatty acid b-oxidation enzymes differentially expressed in CCC, DCM and IC myocardium. Arrows indicate up-regulated (red) or
down-regulated (green) expression as compared to control myocardial samples in the proteomic analysis. *Indicates the right place for in the metabolic pathway for
Acyl coA dehydrogenases ACADVL and ACADM.
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also involved in antioxidant mechanisms. Moreover, we
observed reduced levels of the protein Malate dehydrogenase
(MDHM) exclusively in the CCC group. On the other hand, we
found increased protein levels of Isocitrate dehydrogenase
[NAD] subunit alpha (IDH3A) in CCC and DCM samples.
Aconitate hydratase, mitochondrial (Aconitase, ACON) had
increased levels in the IC samples only.

Moving to the energy production by the respiratory chain
pathway, we identified 13 differentially expressed proteins
belonging to complexes I, II, III and V of the oxidative
phosphorylation process (Table 4 and Supplemental Figure
S7C). Ten of them, including uncoupling protein 2 (UCP2),
were reduced in CCC and DCM. Complex I NADH-ubiquinone
oxidoreductase 75 kDa subunit (NDUS1) was reduced only in
samples from patients with CCC. Creatine kinase M (KCRM)
and mitochondrial sarcomeric creatine kinase (KCRS), involved
in the translocation of the ATP from the mitochondria to
myofibrils, were found to be decreased in samples from
patients with CCC and the other cardiomyopathies (Table 4
and Supplemental Figure S7D).

Regarding the stress response related proteins, we found 14
differentially expressed proteins in at least one of the patient
groups, including chaperone, redox homeostasis and apoptosis-
related proteins. The antioxidant peroxiredoxins (PRDX2,
PRDX3 and PRDX6) displayed reduced expression in CCC
and DCM. Catalase (CATA) was upregulated only in CCC
patients; immunoblotting analysis showed that the total
catalase protein level was increased as compared to the other
IC samples and the control group (Figure 5A); protein disulfide-
isomerases PDIA1 and PDIA3 were upregulated in CCC and
DCM. Multiple chaperones were upregulated in CCC and DCM.
Other proteins involved in apoptosis, such as TRAF3, which
mediates pathological hypertrophy and apoptosis, was
upregulated in the three cardiomyopathies. Tumor necrosis
factor receptor superfamily member 10B (TR10B) - a receptor
for the cytotoxic ligand TRAIL, and the antiapoptotic protein
annexin A5 (ANXA5) showed increased expression CCC and
DCM, while antiapoptotic heat shock 27 kDa protein (HSPB1),
displayed decreased expression only in CCC.

Based on proteomic, immunoblotting and real time PCR data,
the fatty acid beta-oxidation pathway seems to be significantly
Frontiers in Immunology | www.frontiersin.org 13
impaired in CCC, which could result in fatty acid accumulation.
The reduction of peroxiredoxins - shared with DCM - and the
increase in catalase - exclusively in CCC - is consistent with
increased oxidative stress in CCC myocardium (Supplemental
Figure S9). The increased levels of malonaldehyde (MDA), the
major lipid oxidation product, were observed only in CCC, which
indicates lipid peroxidation suggestive of lipotoxicity (Figure 5B).

We identified 20 differentially expressed proteins belonging to
the structural and contractile protein group (Table 4 and
Supplemental Figure S8). From these, 5 proteins are
exclusively modulated in CCC samples (e.g. actin-like protein
3 – ARP3 - and tropomyosin-1 alpha chain – TPM1, with
increased and decreased levels, respectively). CCC and DCM
samples shared 7 differentially expressed proteins, while CCC
and IC shared only one differentially expressed protein. Among
the proteins differentially expressed shared by CCC, DCM and
IC samples (7 proteins) are Desmin (DESM), Gelsolin precursor
(GELS), Lumican (LUM) and Troponin I (TNNI3), identified in
spots with increased levels, and Alpha-cardiac actin (ACTC),
LIM domain-binding protein 3 (LDB3) and Myosin-7 (MYH7),
identified in spots with decreased levels, a pattern consistent with
the fetal gene expression profile.

Among proteins that play a role or are regulated by
components of the immune system, galectin-3 (LEG3) and
proteasome activator complex subunit 1 (PSME1), upregulated
by the inflammatory cytokines IFN-gamma and TNF-alpha,
show increased levels exclusively in samples from patients with
CCC. We also found B-cell related proteins to be upregulated in
CCC, like tyrosine-protein kinase BLK (BLK), which plays an
important role in the surface immunoglobulin signaling pathway
and was also found with increased expression only in CCC
samples. Likewise, we found increased protein levels of
immunoglobulin (Ig gamma-1 chain C region - IGHG1) in the
samples from patients with CCC, DCM and IC when compared
to samples from individuals without cardiomyopathies.
However, CCC samples showed the highest levels as compared
to samples from the other patient groups.

To investigate the role of IFN-gamma and TNF-alpha on
cardiomyocyte mitochondrial function, we stimulated the
human adult cardiomyocyte cell line AC16 with several
concen tra t ions o f IFN-gamma and measured the
A B

FIGURE 4 | Protein and mRNA levels of ACADVL (Very long-chain specific acyl-CoA dehydrogenase) in myocardial tissue of CCC, DCM, IC and controls.
(A) Densitometry measurement of ACADVL protein levels using immunoblot (One-Way ANOVA p = 0.0011). (B). ACADVL mRNA levels assessed using real time RT-
qPCR (One-Way ANOVA p = 0.0154). The horizontal lines show statistically significant changes between groups by the Tukey-Kramer test: *p < 0.05; ***p < 0.001.
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mitochondrial DYm with supravital fluorescence microscopy.
We observed that IFN-gamma impaired the DYm of AC-16 48h
after stimulation (Figure 6).
DISCUSSION

The proteomic analysis of myocardial tissue revealed that CCC,
DCM and IC display a distinct global protein expression profile.
Pathway analysis disclosed enrichment in mitochondrial
dysfunction, cardiac hypertrophy and fibrosis in the three
disease groups. Pathway analysis of proteins differentially
expressed in CCC also showed selective enrichment in the
CCC group for pathways involved in the fatty acid metabolism
and decreased transmembrane potential of mitochondria. CCC
patients’ myocardium displayed reduced expression of 22
mitochondrial proteins belonging to energy metabolism
pathways, as compared to control samples, while IDC and IC
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displayed 15 and 3, respectively. Significantly, 6 lipid beta-
oxidation enzymes were reduced in CCC, while only 2 of them
were downregulated in DCM and 1 in IC. To our knowledge, this
is the first report on the differential myocardial protein
expression profile of multiple cardiomyopathies, including
Chagas disease cardiomyopathy. In addition, we found
increased levels of malonaldehyde, a sign of oxidative stress
and a toxic product of lipid peroxidation, only in CCC
samples. Finally, we observed that IFN-gamma treatment of
the human cardiomyocyte cell line AC16 induces a dose-
dependent reduction of mitochondrial transmembrane
potential, providing a possible clue to the inflammatory origin
of mitochondrial dysfunction in CCC.

Functional analysis of differentially expressed proteins shows
that myocardial samples from patients with CCC display a
substantial reduction in levels of proteins involved in several
pathways of mitochondrial energy metabolism, particularly in
the beta-oxidation pathway. The finding that several enzymes
A B

FIGURE 5 | Analysis of antioxidant enzyme Catalase and lipid peroxidation status. (A) Catalase protein levels measured by immunoblotting; the densitometric values
were normalized by the total protein for each sample (One-Way ANOVA p = 0.0008). (B) Malondialdehyde (MDA) production, measured by the thiobarbituric acid
reactive substances (TBARS) assay (One-Way ANOVA p = 0.0113). The horizontal lines show statistically significant changes between groups by the Tukey-Kramer
test: **p < 0.01; ***p < 0.001.
A B

FIGURE 6 | Effect of IFN-gamma on cardiomyocyte mitochondrial membrane potential. (A) Human cardiomyocytes AC16 were stimulated with 5, 10 or 25ng/ml of
IFN-gamma for 48 hours. Then, cells were stained using 1µM TMRM, 400nM of mitotracker DeepRed, 500ng/ml of PI and 1µM of Hoechst 33342 and micrographs
were captured in ImageXpress Micro XLS Widefield High-Content Analysis system at 100x magnification. Fluorescence colocalization of TMRE and mitotracker
deepred in live cells (PI negative) was used to calculate mitochondrial DY. Data are reported as the ratio to not-treated cells. Cell viability is the ratio of the number of
live cells (PI-negative) and total cells (PI-negative plus PI-positive cells) x 100. n = 3. *p < 0.05. (B) Representative fluorescence microscopy (100x) showing decrease
in TMRE fluorescence after incubation with IFN-gamma for 48h.
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involved in beta-oxidation are decreased in CCC, while only one
is also reduced in DCM suggests that this pathway may be
selectively reduced in CCC patients. The finding that the mRNA
levels of ACADVL were also decreased in samples from patients
with CCC suggests that enzyme levels may be transcriptionally
regulated. Very long chain fatty acid dehydrogenase (ACADVL)
has activity mainly toward CoA-esters of fatty acids with 16–24
carbons in length (35). In addition, ACADVL catalyzes the major
part of palmitoyl-CoA dehydrogenation in many human tissues
and cultured cells (36), indicating its central role in the
catabolism of long-chain fatty acids. This is clearly reflected by
the severe clinical symptoms caused by ACADVL deficiency,
such as a high incidence of cardiomyopathy in childhood (37).
Patients with ACADVL deficiency may present hypertrophy and
dilated cardiomyopathy (38). In addition to the impaired
degradation of very long and medium acyl chains, found
mainly in CCC samples, we have also observed that other beta-
oxidation enzymes involved in degradation of unsaturated fatty
acids such as 2,4-dienoyl-CoA reductase (DECR) and 3,2-trans-
enoyl-CoA isomerase (D3D2) showed reduced expression in
CCC. This reduced expression is shared with DCM and IC,
respectively. Activation of NF-kB is most likely to occur in heart
tissue from CCC patients, due to the systemic and local
expre s s ion o f IFN-gamma, TNF-a lpha and other
proinflammatory cytokines (11, 18, 19, 39). Studies showed
that activation of nuclear factor NF-kB during cardiac
hypertrophy decreases the activity of the protein PPAR
(peroxisome proliferator-activated receptor) beta/gamma,
leading to a decrease in fatty acid oxidation (40). Furthermore,
malate Dehydrogenase (MDHM), exclusively reduced in CCC, is
part of the tricarboxylic acid (TCA) cycle. We also found
decreased levels of other TCA cycle enzymes, and increased
expression of a single TCA enzyme, that were shared with other
cardiomyopathies. Studies from our group showed that the gene
SERCA Ca++ ATPase of sarcoplasmic reticulum (SERCA2),
involved in cardiac homeostasis of Ca++ was found with
reduced expression in the myocardium of patients with CCC
(15), possibly indicating a reduction in calcium signaling and
excitation/contraction coupling. Studies show that several
enzymes of the TCA cycle can be activated by Ca++. Disturbed
Ca++ homeostasis could lead to the inactivation of
dehydrogenases of the TCA cycle by calcium, resulting in a
decreased concentration of NADH and hence a reduction in
ATP production (41). The finding that several components of
complexes I, II, III, and V from the oxidative phosphorylation
process showed reduced expression in CCC samples may also
contribute to the impairment of ATP production (42). We have
also observed reduced expression of several components of the
creatine kinase complex, responsible for the translocation of ATP
frommitochondria to the myofibrils. Creatine kinase M (KCRM)
and mitochondrial creatine kinase (KCRS) showed reduced
express ion in samples from both CCC and other
cardiomyopathies, as previously reported for heart failure (43–
45); this finding corroborates previous results from our group
(23). Our previous studies also showed that total protein levels
(as detected by Immunobloting) and enzymatic activity of
Frontiers in Immunology | www.frontiersin.org 15
KCRM are significantly decreased in CCC myocardium
samples as compared to samples from individuals without
cardiomyopathies, as well as from DCM and IC patients.
Reduction of protein levels of enzymes involved in multiple
pathways that lead to ATP production is consistent with an
energy deficit in CCC heart tissue. This reduced state of ATP
production has been corroborated in vivo myocardial ATP flux
evaluations (24, 46).

Our finding of increased protein levels of catalase (CATA)
only in CCC myocardial samples, together with the reduction in
several peroxyredoxins including PRDX6, an IFN-gamma
regulated gene, suggests a significant disturbance in the
antioxidant system. It is possible that the increased protein
level of catalase found in CCC myocardium samples is
secondary to a compensatory mechanism for oxidative stress,
which could be more intense in CCC than in DCM or IC. Indeed,
IFN-gamma, a cytokine that is highly expressed in CCC heart
tissue (17, 18, 20) induces expression of NOX2 and increases
oxidative stress (47). Increased oxidative stress is intimately
involved in the pathogenesis of heart failure. Isocitrate
dehydrogenase [NADP] (IDHP), which was found with
reduced expression in samples of patients with CCC and
DCM, is responsible for the production of NADPH. Indeed,
the decrease in the levels of IDHP is related to increased reactive
oxygen species, DNA fragmentation, lipid peroxidation, and
mitochondrial damage with significant reduction in ATP levels
(48). The reduced protein levels of beta-oxidation enzymes
involved in degradation of fatty acids may lead to an
accumulation of lipid substrates in heart tissue. Given the
deficiency in the antioxidant defense system in CCC, it is
possible to hypothesize that oxidant conditions prevail in CCC
heart tissue, in line with results in experimental T. cruzi infection
(49–52) which together with our finding of reduced beta-
oxidation enzymes could lead to lipid peroxidation.

Our data suggest that CCC myocardium displays signs of
reduced mitochondrial activity and energy production. Garg
et al. were the first to suggest that myocardial mitochondrial
dysfunction and oxidative stress in the pathogenesis of murine
models of CCC (reviewed in (53)). Decreased mitochondrial
rRNA (15), rDNA (54) and in vivo ATP production (24) were
observed in CCC myocardium. The IFN-gamma-producing T-
cell rich inflammatory profile is a major difference between CCC
and DCM; indeed, IFN-gamma is the most highly expressed
cytokine in CCC heart tissue (14, 17–19, 55) and the top
upstream gene regulator upon pathways analysis in CCC
myocardium (20). It is known that IFN-gamma has multiple
deleterious effects on cardiomyocyte mitochondria. It induces
TNF-alpha and potentiates TNF-alpha-mediated NF-kB
signaling, leading to NOS2 production of reactive nitrogen
species (RNS) (56, 57). This has been reported to cause
mitochondrial fragmentation, disturbance in mitochondrial
membrane potential, and reduction of ATP production (58). In
addition, IFN-gamma was shown to reduced fatty acid beta-
oxidation (59) and oxidative phosphorylation (60), inducing a
shift towards glycolysis (61). These factors are probably involved
in IFN-gamma-induced cardiomyocyte dysfunction and
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apoptosis (62). We hypothesize that many of the mitochondrial
energy metabolism changes observed in CCC are locally induced
by the high levels of IFN-gamma in CCC myocardium.

IFN-gamma induced proteins like Galectin 3 (LEG3) and
Proteasome activator complex subunit 1 - PSME1), found to be
upregulated in CCC myocardial tissue, may play a role in the
pathology of heart failure and cardiac remodeling; with Galectin-
3 showing a stimulatory effect on macrophage migration,
fibroblast proliferation and development of fibrosis. Increased
levels of Galectin-3 were also found in the hearts of transgenic
mice with increased expression of IFN-gamma (63) and mice
chronically infected by T. cruzi, and shows increased expression
in areas of inflammation in CCC myocardium (64). Moreover,
mice genetically deficient in Galectin-3 display less myocardial
fibrosis at chronic infection (65). Significantly, plasma Galectin-3
levels are a prognostic factor for heart failure (66) and were
associated with long-term mortality in CCC (67). PSME1 is the
alpha subunit of the immunoproteasome PA28 complex.
Significantly, it has been reported that genes encoding the IFN-
gamma-induced immunoproteasome subunits display increased
expression in CCC heart tissue and the myocardium of T. cruzi-
infected mice (68). The reduced protein levels of AKT2 (Rac-beta
serine/threonine-protein kinase) - which has a role in apoptosis
inhibition, through the inhibition of JNK and p38 activation (69)
- and the increased protein levels of TR10B (Tumor necrosis
factor receptor superfamily member 10B) - a receptor for the
apoptosis-inducing ligand TRAIL (TNF-related apoptosis-
inducing ligand) - could both facilitate apoptosis (70) and
increase susceptibility to oxidative stress.
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The involvement of sarcomeric/structural proteins in the
pathogenesis of cardiomyopathy is a consequence of the cardiac
remodeling and is part of the hypertrophy/embryonic gene
expression signature. The finding of 4 structural proteins
exclusively down-modulated in CCC may suggest the remodeling
is even more intense in CCC than in other cardiomyopathies.

Our study has limitations. The number of samples for the
proteomic studies was limited and control samples were
significantly younger than patient ’s samples. This is
unavoidable as organ donors tend to be much younger than
organ recipients. It thus follows that some of the protein
expression changes shared by all cardiomyopathy groups in
comparison to organ donor controls could be due to age alone.
However, most of the energy metabolism enzyme changes were
not shared among the 3 patient groups as compared to organ
donor controls.

In summary, proteomic analysis disclosed profound
disturbances in several pathways of energy metabolism –
including beta-oxidation, tricarboxylic acid cycle, oxidative
phosphorylation, and creatine kinases, suggesting a major
reduction of mitochondrial energy metabolism which is more
significant in CCC than other end-stage dilated cardiomyopathies.
In addition, disturbances in the local antioxidant defense system
corroborate findings in experimental models andmay be related to
the active inflammatory process. Oxidative stress-dependent
peroxidation of hypothetically accumulated fatty acids as a
consequence of decreased levels of beta-oxidation enzymes in
CCC might lead to the increased levels of highly toxic molecules
such as malonaldehyde (Figure 7). Given the high levels of IFN-
FIGURE 7 | Hypothetical chain of events subsequent to reduced beta-oxidation and oxidative stress related proteins in CCC myocardium leading to cardiac damage.
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gamma in CCC heart tissue, we hypothesize that many
mitochondrial changes and oxidative stress observed in CCC are
due to the continued high expression of this cytokine. This
hypothesis is investigated in the back-to-back submitted paper.
These factors may play a role in the increased aggressiveness of
CCC as compared to other dilated cardiomyopathies and places
mitochondrial function as a therapeutic target in Chagas disease.
Although anti-cytokine treatment is not an option in Chagas
disease due to the risk of reactivation of infection, downstream
pathways that promote mitochondrial function are likely
therapeutic targets. Indeed, fenofibrate, a PPAR- agonist capable
to induce fatty acid beta-oxidation, was able to restore cardiac
function in a murine model of Chagas disease (71). Likewise,
treatment of chronically T. cruzi-infected mice with
mitochondria-targeting SIRT1 and/or AMPK agonists SRT1720,
resveratrol and metformin reduced myocardial NF-kB
transcriptional activity, inflammation and oxidative stress,
resulting in beneficial results for restoration of cardiac function
(50, 51). Therapy targeting mitochondrial function and energy
imbalance should thus in principle be beneficial to restore cardiac
function in CCC and other IFN-gamma-dependent inflammatory
heart diseases, like viral myocarditis and inflammatory
cardiomyopathy of other etiologies and age-related myocardial
inflammation and functional decline (72), myocardial infarction
(73) and anthracycline antitumor agent cardiotoxicity.
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Supplementary Figure 1 | Scheme of the 2D-DIGE approach for the differential
proteomic analysis. The approach relies on multiplexing, and simultaneous co-
separation of multiple, fluorescently labeled samples, including a pooled internal
standard on each gel (Scheme adapted from Ettan DIGE brochure – GE Healthcare).

Supplementary Figure 2 | Representative images from two-dimensional
electrophoresis (2D-DIGE) experiments. (A) Preparative 2-DE gel used to protein
identification by mass spectrometry; (B) Representative 2-DE gel of left ventricle
myocardial proteins with overlapping images; (C) Representative 2-DE gel of left
ventricle myocardial proteins displaying each individual fluorescent images (Cy3:
DCM, Cy5: CCC, Cy2: Pool).

Supplementary Figure 3 | Volcano plots. The plots display the number of
differentially expressed spots (p<0.01, t-test) in: (A) CCC samples, (B) DCM
samples and (C) IC samples, as compared to individuals without cardiomyopathy.
Total number of spots: 683 spots.

Supplementary Figure 4 | Venn diagrams representing the occurrence of spots
differentially expressed in common or unique relationships between groups of patients
with cardiomyopathywhen comparedwith subjects without cardiomyopathy. Number
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of spots with increased (A) or decreased (B) levels in samples from patients when
compared with samples from subjects without cardiomyopathy.

Supplementary Figure 5 | Protein Classification. (A) Cellular component
classification and (B) biological process classification of proteins identified in the
proteomic analysis.

Supplementary Figure 6 | Protein and mRNA levels of DECR1 (2,4-dienoyl-
CoA reductase 1) in myocardial tissue of CCC, DCM, IC and controls.
(A) Densitometry measurement of DECR1 protein levels using immunoblot
(One-Way ANOVA p = 0.0011). (B). DECR1 mRNA levels assessed using real
time RT-qPCR (One-Way ANOVA p = 0.0154). The horizontal lines show
statistically significant changes between groups by the Tukey-Kramer test: *p <
0.05; ***p < 0.001.

Supplementary Figure 7 | Cartoons depicting energy metabolism related
proteins differentially expressed in CCC, DCM and IC myocardium. (A) Glycolysis,
Frontiers in Immunology | www.frontiersin.org 18
(B) Citric Acid Cycle, (C) Oxidative Phosphorylation, (D) Creatine Kinase System.
Arrows indicate up-regulated (red) or down-regulated (green) expression as
compared to control myocardial samples in the proteomic analysis.

Supplementary Figure 8 | Cartoon depicting sarcomeric related proteins
differentially expressed in CCC, DCM and IC myocardium. Arrows indicate up-
regulated (red) or down-regulated (green) expression as compared to control
myocardial samples in the proteomic analysis.

Supplementary Figure 9 | Representative images from Immunoblotting analysis.
(A) One-dimensional electrophoresis of the samples used for immunoblotting
experiments. SDS-PAGE 12.5%, 30mg of proteins, gel stained by “Coomasie Blue
Colloidal”. (B) Representative immunoblotting (Western-blotting) of ACADVL (Very
long-chain specific acyl-CoA dehydrogenase), DERC (2,4-dienoyl-CoA reductase
1) and CATA (Catalase) used for densitometry analysis. Relative abundance of a
specific protein across the lanes of the blot was given by the normalization to the
total amount of protein in each lane.
REFERENCES

1. Libby P, Braunwald E. Braunwald’s Heart Disease : A Textbook of
Cardiovascular Medicine. Philadelphia: Saunders/Elsevier (2008).

2. Bocchi EA, Bestetti RB, Scanavacca MI, Cunha Neto E, Issa VS. Chronic Chagas
Heart Disease Management: From Etiology to Cardiomyopathy Treatment. J
Am Coll Cardiol (2017) 70(12):1510–24. doi: 10.1016/j.jacc.2017.08.004

3. Bestetti RB, Muccillo G. Clinical Course of Chagas’ Heart Disease: A
Comparison With Dilated Cardiomyopathy. Int J Cardiol (1997) 60(2):187–
93. doi: 10.1016/S0167-5273(97)00083-1

4. Bocchi EA. Update on Indications and Results of the Surgical Treatment of
Heart Failure. Arq Bras Cardiol (1994) 63(6):523–30.

5. Mady C, Cardoso RH, Barretto AC, da Luz PL, Bellotti G, Pileggi F. Survival and
Predictors of Survival in Patients With Congestive Heart Failure Due to Chagas’
Cardiomyopathy. Circulation (1994) 90(6):3098–102. doi: 10.1161/01.CIR.90.6.3098

6. Silva CP, Del Carlo CH, Oliveira Junior MT, Scipioni A, Strunz-Cassaro C,
Ramirez JA, et al. Why do Patients With Chagasic Cardiomyopathy Have
Worse Outcomes Than Those With non-Chagasic Cardiomyopathy? Arq
Bras Cardiol (2008) 91(6):358–62. doi: 10.1590/S0066-782X2008001800006

7. Bowling J,Walter EA. Recognizing andMeeting the Challenge of Chagas Disease in
the USA. Expert Rev Anti Infect Ther (2009) 7(10):1223–34. doi: 10.1586/eri.09.107

8. Benatti RD, Al-Kindi SG, Bacal F, Oliveira GH. Heart Transplant Outcomes
in Patients With Chagas Cardiomyopathy in the United States. Clin
Transplant (2018) 32(6):e13279. doi: 10.1111/ctr.13279

9. Morillo CA, Marin-Neto JA, Avezum A, Sosa-Estani S, Rassi AJr., Rosas F, et al.
Randomized Trial of Benznidazole for Chronic Chagas’ Cardiomyopathy. N Engl J
Med (2015) 373(14):1295–306. doi: 10.1056/NEJMoa1507574

10. Marin-Neto JA, Cunha-Neto E, Maciel BC, Simoes MV. Pathogenesis of
Chronic Chagas Heart Disease. Circulation (2007) 115(9):1109–23. doi:
10.1161/CIRCULATIONAHA.106.624296

11. Abel LC, Rizzo LV, Ianni B, Albuquerque F, Bacal F, Carrara D, et al. Chronic
Chagas’ Disease Cardiomyopathy Patients Display an Increased IFN-Gamma
Response to Trypanosoma Cruzi Infection. J Autoimmun (2001) 17(1):99–
107. doi: 10.1006/jaut.2001.0523

12. Gomes JA, Bahia-Oliveira LM, Rocha MO, Martins-Filho OA, Gazzinelli G,
Correa-Oliveira R. Evidence That Development of Severe Cardiomyopathy in
Human Chagas’ Disease is Due to a Th1-Specific Immune Response. Infect
Immun (2003) 71(3):1185–93. doi: 10.1128/IAI.71.3.1185-1193.2003

13. Sousa GR, Gomes JA, Fares RC, Damasio MP, Chaves AT, Ferreira KS, et al.
Plasma Cytokine Expression is Associated With Cardiac Morbidity in Chagas
Disease. PloS One (2014) 9(3):e87082. doi: 10.1371/journal.pone.0087082

14. Nogueira LG, Santos RH, Ianni BM, Fiorelli AI, Mairena EC, Benvenuti LA,
et al. Myocardial Chemokine Expression and Intensity of Myocarditis in Chagas
Cardiomyopathy are Controlled by Polymorphisms in CXCL9 and CXCL10.
PloS Negl Trop Dis (2012) 6(10):e1867. doi: 10.1371/journal.pntd.0001867

15. Cunha-Neto E, Dzau VJ, Allen PD, Stamatiou D, Benvenutti L, Higuchi ML,
et al. Cardiac Gene Expression Profiling Provides Evidence for Cytokinopathy
as a Molecular Mechanism in Chagas’ Disease Cardiomyopathy. Am J Pathol
(2005) 167(2):305–13. doi: 10.1016/S0002-9440(10)62976-8

16. Cunha-Neto E, Kalil J. Heart-Infiltrating and Peripheral T Cells in the
Pathogenesis of Human Chagas’ Disease Cardiomyopathy. Autoimmunity
(2001) 34(3):187–92. doi: 10.3109/08916930109007383

17. Nogueira LG, Santos RH, Fiorelli AI, Mairena EC, Benvenuti LA, Bocchi EA,
et al. Myocardial Gene Expression of T-Bet, GATA-3, Ror-Gammat, FoxP3,
and Hallmark Cytokines in Chronic Chagas Disease Cardiomyopathy: An
Essentially Unopposed TH1-Type Response. Mediators Inflammation (2014)
2014:914326. doi: 10.1155/2014/914326

18. Reis MM, Higuchi Mde L, Benvenuti LA, Aiello VD, Gutierrez PS, Bellotti G,
et al. An in Situ Quantitative Immunohistochemical Study of Cytokines and
IL-2R+ in Chronic Human Chagasic Myocarditis: Correlation With the
Presence of Myocardial Trypanosoma Cruzi Antigens. Clin Immunol
Immunopathol (1997) 83(2):165–72. doi: 10.1006/clin.1997.4335

19. Rocha Rodrigues DB, dos Reis MA, Romano A, Pereira SA, Teixeira Vde P,
Tostes SJr., et al. In Situ Expression of Regulatory Cytokines by Heart
Inflammatory Cells in Chagas’ Disease Patients With Heart Failure. Clin
Dev Immunol (2012) 2012:361730. doi: 10.1155/2012/361730

20. Laugier L, Ferreira LRP, Ferreira FM, Cabantous S, Frade AF, Nunes JP, et al.
miRNAs may Play a Major Role in the Control of Gene Expression in Key
Pathobiological Processes in Chagas Disease Cardiomyopathy. PloS Negl Trop
Dis (2020) 14(12):e0008889. doi: 10.1371/journal.pntd.0008889

21. Cunha-Neto E, Coelho V, Guilherme L, Fiorelli A, Stolf N, Kalil J. Autoimmunity in
Chagas’Disease. Identification of Cardiac Myosin-B13 Trypanosoma Cruzi Protein
Crossreactive T Cell Clones in Heart Lesions of a Chronic Chagas’Cardiomyopathy
Patient. J Clin Invest (1996) 98(8):1709–12. doi: 10.1172/JCI118969

22. Fonseca SG, Moins-Teisserenc H, Clave E, Ianni B, Nunes VL, Mady C, et al.
Identification of Multiple HLA-A*0201-Restricted Cruzipain and FL-160 CD8+
Epitopes Recognized by T Cells From Chronically Trypanosoma Cruzi-Infected
Patients. Microbes Infect (2005) 7(4):688–97. doi: 10.1016/j.micinf.2005.01.001

23. Teixeira PC, Santos RH, Fiorelli AI, Bilate AM, Benvenuti LA, Stolf NA, et al.
Selective Decrease of Components of the Creatine Kinase System and ATP
Synthase Complex in Chronic Chagas Disease Cardiomyopathy. PloS Negl
Trop Dis (2011) 5(6):e1205. doi: 10.1371/journal.pntd.0001205

24. Leme AM, Salemi VM, Parga JR, Ianni BM, Mady C, Weiss RG, et al.
Evaluation of the Metabolism of High Energy Phosphates in Patients With
Chagas’ Disease. Arq Bras Cardiol (2010) 95(2):264–70. doi: 10.1590/S0066-
782X2010005000099

25. Chevillard C, Nunes JPS, Frade AF, Almeida RR, Pandey RP, Nascimento MS,
et al. Disease Tolerance and Pathogen Resistance Genes May Underlie
Trypanosoma Cruzi Persistence and Differential Progression to Chagas Disease
Cardiomyopathy. Front Immunol (2018) 9:2791. doi: 10.3389/fimmu.2018.02791

26. Laugier L, Frade AF, Ferreira FM, Baron MA, Teixeira PC, Cabantous S, et al.
Whole-Genome Cardiac DNA Methylation Fingerprint and Gene Expression
Analysis Provide New Insights in the Pathogenesis of Chronic Chagas Disease
Cardiomyopathy. Clin Infect Dis (2017) 65(7):1103–11. doi: 10.1093/cid/cix506
November 2021 | Volume 12 | Article 755782

https://doi.org/10.1016/j.jacc.2017.08.004
https://doi.org/10.1016/S0167-5273(97)00083-1
https://doi.org/10.1161/01.CIR.90.6.3098
https://doi.org/10.1590/S0066-782X2008001800006
https://doi.org/10.1586/eri.09.107
https://doi.org/10.1111/ctr.13279
https://doi.org/10.1056/NEJMoa1507574
https://doi.org/10.1161/CIRCULATIONAHA.106.624296
https://doi.org/10.1006/jaut.2001.0523
https://doi.org/10.1128/IAI.71.3.1185-1193.2003
https://doi.org/10.1371/journal.pone.0087082
https://doi.org/10.1371/journal.pntd.0001867
https://doi.org/10.1016/S0002-9440(10)62976-8
https://doi.org/10.3109/08916930109007383
https://doi.org/10.1155/2014/914326
https://doi.org/10.1006/clin.1997.4335
https://doi.org/10.1155/2012/361730
https://doi.org/10.1371/journal.pntd.0008889
https://doi.org/10.1172/JCI118969
https://doi.org/10.1016/j.micinf.2005.01.001
https://doi.org/10.1371/journal.pntd.0001205
https://doi.org/10.1590/S0066-782X2010005000099
https://doi.org/10.1590/S0066-782X2010005000099
https://doi.org/10.3389/fimmu.2018.02791
https://doi.org/10.1093/cid/cix506
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Teixeira et al. Reduced Mitochondrial Energy Metabolism in CCC
27. Arrell DK, Neverova I, Van Eyk JE. Cardiovascular Proteomics: Evolution and
Potential. Circ Res (2001) 88(8):763–73. doi: 10.1161/hh0801.090193

28. McGregor E, Dunn MJ. Proteomics of Heart Disease. Hum Mol Genet (2003)
12 Spec No 2:R135–44. doi: 10.1093/hmg/ddg278

29. McGregor E, Dunn MJ. Proteomics of the Heart: Unraveling Disease. Circ Res
(2006) 98(3):309–21. doi: 10.1161/01.RES.0000201280.20709.26

30. Prentice H, Webster KA. Genomic and Proteomic Profiles of Heart Disease.
Trends Cardiovasc Med (2004) 14(7):282–8. doi: 10.1016/j.tcm.2004.08.001

31. Benjamini Y, Hochberg Y. On the Adaptive Control of the False Discovery
Rate in Multiple TestingWith Independent Statistics. J Educ Behav Stat (2000)
25:60–83. doi: 10.3102/10769986025001060

32. Berndt P, Hobohm U, Langen H. Reliable Automatic Protein Identification
From Matrix-Assisted Laser Desorption/Ionization Mass Spectrometric
Peptide Fingerprints. Electrophoresis (1999) 20(18):3521–6. doi: 10.1002/
(SICI)1522-2683(19991201)20:18<3521::AID-ELPS3521>3.0.CO;2-8

33. Schmittgen TD, Livak KJ. Analyzing Real-Time PCR Data by the Comparative
C(T) Method. Nat Protoc (2008) 3(6):1101–8. doi: 10.1038/nprot.2008.73

34. Esterbauer H, Cheeseman KH. Determination of Aldehydic Lipid
Peroxidation Products: Malonaldehyde and 4-Hydroxynonenal. Methods
Enzymol (1990) 186:407–21. doi: 10.1016/0076-6879(90)86134-H

35. Ghisla S , Thorpe C. Acyl-CoA Dehydrogenases. AMechanistic Overview. Eur
J Biochem (2004) 271(3):494–508. doi: 10.1046/j.1432-1033.2003.03946.x

36. Aoyama T, Souri M, Ushikubo S, Kamijo T, Yamaguchi S, Kelley RI, et al.
Purification of Human Very-Long-Chain Acyl-Coenzyme A Dehydrogenase
and Characterization of its Deficiency in Seven Patients. J Clin Invest (1995)
95(6):2465–73. doi: 10.1172/JCI117947

37. Katz S, Landau Y, Pode-Shakked B, Pessach IM, Rubinshtein M, Anikster Y,
et al. Cardiac Failure in Very Long Chain Acyl-CoA Dehydrogenase
Deficiency Requiring Extracorporeal Membrane Oxygenation (ECMO)
Treatment: A Case Report and Review of the Literature. Mol Genet Metab
Rep (2017) 10:5–7. doi: 10.1016/j.ymgmr.2016.11.008

38. Dyke PC2nd, Konczal L, Bartholomew D, McBride KL, Hoffman TM. Acute
Dilated Cardiomyopathy in a Patient With Deficiency of Long-Chain 3-
Hydroxyacyl-CoA Dehydrogenase. Pediatr Cardiol (2009) 30(4):523–6. doi:
10.1007/s00246-008-9351-8

39. Ferreira RC, Ianni BM, Abel LC, Buck P, Mady C, Kalil J, et al. Increased
Plasma Levels of Tumor Necrosis Factor-Alpha in Asymptomatic/
"Indeterminate" and Chagas Disease Cardiomyopathy Patients. Mem Inst
Oswaldo Cruz (2003) 98(3):407–11. doi: 10.1590/S0074-02762003000300021

40. Planavila A, Laguna JC, Vazquez-Carrera M. Nuclear factor-kappaB Activation
Leads toDown-Regulation of FattyAcidOxidationDuringCardiacHypertrophy.
J Biol Chem (2005) 280(17):17464–71. doi: 10.1074/jbc.M414220200

41. Denton RM, McCormack JG. Ca2+ as a Second Messenger Within
Mitochondria of the Heart and Other Tissues. Annu Rev Physiol (1990)
52:451–66. doi: 10.1146/annurev.ph.52.030190.002315

42. Carvajal K, Moreno-Sanchez R. Heart Metabolic Disturbances in
Cardiovascular Diseases. Arch Med Res (2003) 34(2):89–99. doi: 10.1016/
S0188-4409(03)00004-3

43. Brioschi M, Polvani G, Fratto P, Parolari A, Agostoni P, Tremoli E, et al.
Redox Proteomics Identification of Oxidatively Modified Myocardial Proteins
in Human Heart Failure: Implications for Protein Function. PloS One (2012) 7
(5):e35841. doi: 10.1371/journal.pone.0035841

44. Park SJ, Zhang J, Ye Y, Ormaza S, Liang P, Bank AJ, et al. Myocardial Creatine
Kinase Expression After Left Ventricular Assist Device Support. J Am Coll
Cardiol (2002) 39(11):1773–9. doi: 10.1016/S0735-1097(02)01860-0

45. Stride N, Larsen S, Hey-Mogensen M, Sander K, Lund JT, Gustafsson F, et al.
Decreased Mitochondrial Oxidative Phosphorylation Capacity in the Human
Heart With Left Ventricular Systolic Dysfunction. Eur J Heart Fail (2013) 15
(2):150–7. doi: 10.1093/eurjhf/hfs172

46. Betim Paes Leme AM, Salemi VM, Weiss RG, Parga JR, Ianni BM, Mady C,
et al. Exercise-Induced Decrease in Myocardial High-Energy Phosphate
Metabolites in Patients With Chagas Heart Disease. J Card Fail (2013) 19
(7):454–60. doi: 10.1016/j.cardfail.2013.05.008

47. Hodny Z, Reinis M, Hubackova S, Vasicova P, Bartek J. Interferon Gamma/
NADPH Oxidase Defense System in Immunity and Cancer. Oncoimmunology
(2016) 5(2):e1080416. doi: 10.1080/2162402X.2015.1080416

48. Jo SH, Son MK, Koh HJ, Lee SM, Song IH, Kim YO, et al. Control of
Mitochondrial Redox Balance and Cellular Defense Against Oxidative
Frontiers in Immunology | www.frontiersin.org 19
Damage by Mitochondrial NADP+-Dependent Isocitrate Dehydrogenase.
J Biol Chem (2001) 276(19):16168–76. doi: 10.1074/jbc.M010120200

49. Dias PP, Capila RF, do Couto NF, Estrada D, Gadelha FR, Radi R, et al.
Cardiomyocyte Oxidants Production may Signal to T. Cruzi Intracellular
Development. PloS Negl Trop Dis (2017) 11(8):e0005852. doi: 10.1371/
journal.pntd.0005852

50. Paiva CN, Medei E, Bozza MT. ROS and Trypanosoma Cruzi: Fuel to
Infection, Poison to the Heart. PloS Pathog (2018) 14(4):e1006928. doi:
10.1371/journal.ppat.1006928

51. Wan X, Wen JJ, Koo SJ, Liang LY, Garg NJ. SIRT1-PGC1alpha-NFkappaB Pathway
of Oxidative and Inflammatory Stress During Trypanosoma Cruzi Infection: Benefits
of SIRT1-Targeted Therapy in Improving Heart Function in Chagas Disease. PloS
Pathog (2016) 12(10):e1005954. doi: 10.1371/journal.ppat.1005954

52. Wen JJ, Dhiman M, Whorton EB, Garg NJ. Tissue-Specific Oxidative
Imbalance and Mitochondrial Dysfunction During Trypanosoma Cruzi
Infection in Mice. Microbes Infect (2008) 10(10-11):1201–9. doi: 10.1016/
j.micinf.2008.06.013

53. Lopez M, Tanowitz HB, Garg NJ. Pathogenesis of Chronic Chagas Disease:
Macrophages, Mitochondria, and Oxidative Stress. Curr Clin Microbiol Rep
(2018) 5(1):45–54. doi: 10.1007/s40588-018-0081-2

54. Wan X, Gupta S, Zago MP, Davidson MM, Dousset P, Amoroso A, et al.
Defects of mtDNA Replication Impaired Mitochondrial Biogenesis During
Trypanosoma Cruzi Infection in Human Cardiomyocytes and Chagasic
Patients: The Role of Nrf1/2 and Antioxidant Response. J Am Heart Assoc
(2012) 1(6):e003855. doi: 10.1161/JAHA.112.003855

55. Ouarhache M, Marquet S, Frade AF, Ferreira AM, Ianni B, Almeida RR, et al.
Rare Pathogenic Variants in Mitochondrial and Inflammation-Associated
Genes May Lead to Inflammatory Cardiomyopathy in Chagas Disease. J Clin
Immunol (2021) 41(5):1048–63. doi: 10.1007/s10875-021-01000-y

56. Lee HJ, Oh YK, Rhee M, Lim JY, Hwang JY, Park YS, et al. The Role of
STAT1/ IRF-1 on Synerg i s t i c ROS Produc t ion and Los s o f
Mitochondrial Transmembrane Potential During Hepatic Cell Death
Induced by LPS/d-GalN. J Mol Biol (2007) 369(4):967–84. doi: 10.1016/
j.jmb.2007.03.072

57. Maiti AK, Sharba S, Navabi N, Forsman H, Fernandez HR, Linden SK. IL-4
Protects the Mitochondria Against TNFalpha and IFNgamma Induced Insult
During Clearance of Infection With Citrobacter Rodentium and Escherichia
Coli. Sci Rep (2015) 5:15434. doi: 10.1038/srep15434

58. Buoncervello M, Maccari S, Ascione B, Gambardella L, Marconi M, Spada M,
et al. Inflammatory Cytokines Associated With Cancer Growth Induce
Mitochondria and Cytoskeleton Alterations in Cardiomyocytes. J Cell
Physiol (2019) 234(11):20453–68. doi: 10.1002/jcp.28647

59. Ni C, Ma P, Wang R, Lou X, Liu X, Qin Y, et al. Doxorubicin-Induced
Cardiotoxicity Involves IFNgamma-Mediated Metabolic Reprogramming in
Cardiomyocytes. J Pathol (2019) 247(3):320–32. doi: 10.1002/path.5192

60. Van den Bossche J, Baardman J, Otto NA, van der Velden S, Neele AE, van
den Berg SM, et al. Mitochondrial Dysfunction Prevents Repolarization of
Inflammatory Macrophages. Cell Rep (2016) 17(3):684–96. doi: 10.1016/
j.celrep.2016.09.008

61. Jessop F, Buntyn R, Schwarz B, Wehrly T, Scott D, Bosio CM. Interferon
Gamma Reprograms Host Mitochondrial Metabolism Through Inhibition of
Complex II To Control Intracellular Bacterial Replication. Infect Immun
(2020) 88(2):e00744–19. doi: 10.1128/IAI.00744-19

62. Levick SP, Goldspink PH. Could Interferon-Gamma be a Therapeutic Target
for Treating Heart Failure? Heart Fail Rev (2014) 19(2):227–36. doi: 10.1007/
s10741-013-9393-8

63. Reifenberg K, Lehr HA, Torzewski M, Steige G, Wiese E, Kupper I, et al.
Interferon-Gamma Induces Chronic Active Myocarditis and Cardiomyopathy
in Transgenic Mice. Am J Pathol (2007) 171(2):463–72. doi: 10.2353/ajpath.
2007.060906

64. Souza BSF, Silva DN, Carvalho RH, Sampaio GLA, Paredes BD, Aragao
Franca L, et al. Association of Cardiac Galectin-3 Expression, Myocarditis,
and Fibrosis in Chronic Chagas Disease Cardiomyopathy. Am J Pathol (2017)
187(5):1134–46. doi: 10.1016/j.ajpath.2017.01.016

65. Pineda MA, Cuervo H, Fresno M, Soto M, Bonay P. Lack of Galectin-3
Prevents Cardiac Fibrosis and Effective Immune Responses in a Murine
Model of Trypanosoma Cruzi Infection. J Infect Dis (2015) 212(7):1160–71.
doi: 10.1093/infdis/jiv185
November 2021 | Volume 12 | Article 755782

https://doi.org/10.1161/hh0801.090193
https://doi.org/10.1093/hmg/ddg278
https://doi.org/10.1161/01.RES.0000201280.20709.26
https://doi.org/10.1016/j.tcm.2004.08.001
https://doi.org/10.3102/10769986025001060
https://doi.org/10.1002/(SICI)1522-2683(19991201)20:18%3C3521::AID-ELPS3521%3E3.0.CO;2-8
https://doi.org/10.1002/(SICI)1522-2683(19991201)20:18%3C3521::AID-ELPS3521%3E3.0.CO;2-8
https://doi.org/10.1038/nprot.2008.73
https://doi.org/10.1016/0076-6879(90)86134-H
https://doi.org/10.1046/j.1432-1033.2003.03946.x
https://doi.org/10.1172/JCI117947
https://doi.org/10.1016/j.ymgmr.2016.11.008
https://doi.org/10.1007/s00246-008-9351-8
https://doi.org/10.1590/S0074-02762003000300021
https://doi.org/10.1074/jbc.M414220200
https://doi.org/10.1146/annurev.ph.52.030190.002315
https://doi.org/10.1016/S0188-4409(03)00004-3
https://doi.org/10.1016/S0188-4409(03)00004-3
https://doi.org/10.1371/journal.pone.0035841
https://doi.org/10.1016/S0735-1097(02)01860-0
https://doi.org/10.1093/eurjhf/hfs172
https://doi.org/10.1016/j.cardfail.2013.05.008
https://doi.org/10.1080/2162402X.2015.1080416
https://doi.org/10.1074/jbc.M010120200
https://doi.org/10.1371/journal.pntd.0005852
https://doi.org/10.1371/journal.pntd.0005852
https://doi.org/10.1371/journal.ppat.1006928
https://doi.org/10.1371/journal.ppat.1005954
https://doi.org/10.1016/j.micinf.2008.06.013
https://doi.org/10.1016/j.micinf.2008.06.013
https://doi.org/10.1007/s40588-018-0081-2
https://doi.org/10.1161/JAHA.112.003855
https://doi.org/10.1007/s10875-021-01000-y
https://doi.org/10.1016/j.jmb.2007.03.072
https://doi.org/10.1016/j.jmb.2007.03.072
https://doi.org/10.1038/srep15434
https://doi.org/10.1002/jcp.28647
https://doi.org/10.1002/path.5192
https://doi.org/10.1016/j.celrep.2016.09.008
https://doi.org/10.1016/j.celrep.2016.09.008
https://doi.org/10.1128/IAI.00744-19
https://doi.org/10.1007/s10741-013-9393-8
https://doi.org/10.1007/s10741-013-9393-8
https://doi.org/10.2353/ajpath.2007.060906
https://doi.org/10.2353/ajpath.2007.060906
https://doi.org/10.1016/j.ajpath.2017.01.016
https://doi.org/10.1093/infdis/jiv185
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Teixeira et al. Reduced Mitochondrial Energy Metabolism in CCC
66. de Boer RA, Voors AA, Muntendam P, van Gilst WH, van Veldhuisen DJ.
Galectin-3: A Novel Mediator of Heart Failure Development and Progression.
Eur J Heart Fail (2009) 11(9):811–7. doi: 10.1093/eurjhf/hfp097

67. Fernandes F, Moreira CHV, Oliveira LC, Souza-Basqueira M, Ianni BM,
Lorenzo CD, et al. Galectin-3 Associated With Severe Forms and Long-Term
Mortality in Patients With Chagas Disease. Arq Bras Cardiol (2021) 116
(2):248–56. doi: 10.36660/abc.20190403

68. Ersching J, Vasconcelos JR, Ferreira CP, Caetano BC, Machado AV, Bruna-
Romero O, et al. The Combined Deficiency of Immunoproteasome Subunits
Affects Both the Magnitude and Quality of Pathogen- and Genetic
Vaccination-Induced CD8+ T Cell Responses to the Human Protozoan
Parasite Trypanosoma Cruzi. PloS Pathog (2016) 12(4):e1005593. doi:
10.1371/journal.ppat.1005593

69. Kim MA, Kim HJ, Jee HJ, Kim AJ, Bae YS, Bae SS, et al. Akt2, But Not Akt1, is
Required for Cell Survival by Inhibiting Activation of JNK and P38 After UV
Irradiation. Oncogene (2009) 28(9):1241–7. doi: 10.1038/onc.2008.487

70. Lula JF, Rocha MO, Nunes Mdo C, Ribeiro AL, Teixeira MM, Bahia MT, et al.
Plasma Concentrations of Tumour Necrosis Factor-Alpha, Tumour Necrosis
Factor-Related Apoptosis-Inducing Ligand, and FasLigand/CD95L in Patients
With Chagas Cardiomyopathy Correlate With Left Ventricular Dysfunction.
Eur J Heart Fail (2009) 11(9):825–31. doi: 10.1093/eurjhf/hfp105

71. Cevey AC, Mirkin GA, Donato M, Rada MJ, Penas FN, Gelpi RJ, et al.
Treatment With Fenofibrate Plus a Low Dose of Benznidazole Attenuates
Cardiac Dysfunction in Experimental Chagas Disease. Int J Parasitol Drugs
Drug Resist (2017) 7(3):378–87. doi: 10.1016/j.ijpddr.2017.10.003

72. Ramos GC, van den Berg A, Nunes-Silva V, Weirather J, Peters L, Burkard M,
et al. Myocardial Aging as a T-Cell-Mediated Phenomenon. Proc Natl Acad Sci
U.S.A. (2017) 114(12):E2420–E9. doi: 10.1073/pnas.1621047114

73. Houssari M, Dumesnil A, Tardif V, Kivela R, Pizzinat N, Boukhalfa I, et al.
Lymphatic and Immune Cell Cross-Talk Regulates Cardiac Recovery After
Frontiers in Immunology | www.frontiersin.org 20
Experimental Myocardial Infarction. Arterioscler Thromb Vasc Biol (2020) 40
(7):1722–37. doi: 10.1161/ATVBAHA.120.314370

Author Disclaimer: The content of this publication, as well the opinions and
views expressed herein, was part of a scientific collaboration between the authors
and should not be considered, in whole or in parts, as being statements by the
company Hoffmann-La Roche.

Conflict of Interest: PT, AD, and EN are current employees of F. Hoffmann-La
Roche Ltd and may own company stock.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Teixeira, Ducret, Langen, Nogoceke, Santos, Silva Nunes,
Benvenuti, Levy, Bydlowski, Bocchi, Kuramoto Takara, Fiorelli, Stolf,
Pomeranzeff, Chevillard, Kalil and Cunha-Neto. This is an open-access article
distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that
the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does
not comply with these terms.
November 2021 | Volume 12 | Article 755782

https://doi.org/10.1093/eurjhf/hfp097
https://doi.org/10.36660/abc.20190403
https://doi.org/10.1371/journal.ppat.1005593
https://doi.org/10.1038/onc.2008.487
https://doi.org/10.1093/eurjhf/hfp105
https://doi.org/10.1016/j.ijpddr.2017.10.003
https://doi.org/10.1073/pnas.1621047114
https://doi.org/10.1161/ATVBAHA.120.314370
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Impairment of Multiple Mitochondrial Energy Metabolism Pathways in the Heart of Chagas Disease Cardiomyopathy Patients
	Introduction
	Material and Methods
	Patients and Samples of Human Myocardium
	Two-Dimensional Electrophoresis (2D-DIGE)
	Statistical Analysis of Differential Protein Expression Using the DIGE
	Automatic in Gel Protein Digestion
	Analysis by Mass Spectrometry and Protein Identification
	Analysis of Protein Levels by Immunoblotting
	Analysis of mRNA Expression by Real-Time Reverse Transcriptase (RT)-PCR
	Lipid Peroxidation Evaluation
	Effect of IFN-Gamma on Cardiomyocyte Mitochondrial Membrane Potential

	Results
	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


